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Figure 1-4.  Kinesin–microtubule system 
 





























































































































Figure 1-9. (a)molecular ratchet 1-11 (b) Calculated energy diagram for clockwise rotation 











































































































































































































































































































































































a: R = 


















Scheme 1-1.  Hypothetical uni-directional movement of wheel mover on flat periodical rail 
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として駆動されている 1）。分子モーターの mover は、平準で周期的なポテンシャル上で偏
りのあるブラウン運動から一方向移動を取り出している 2）。Kelly らは、リン酸化に代わ
る化学エネルギー源としてイソシアナートのウレタン化を用い人工回転分子モーターを
駆動した 3）（Scheme 2-1）。2-1 の分子ラチェットのトリプチセンユニットのアミノ基をホ
スゲンでイソシアナートとした 2-2 とすると、ヘリセンの水酸基とイソシアナートが反応
し 2-3 のウレタンとなる。2-3 のウレタンは不安定でより安定な異性体である 2-4 に異性
化する。2-4 を加水分解すると、2-1 からトリプチセンユニットが「左回り」に 1/3 回転し



























































かに 2-6 と DB24C8 へと速度定数 k2 で解離する。しかし、DB24C8 の内孔はシクロヘキシ
ル基や tert-ブチル基よりもわずかに大きいだけなので、2-7*から構造では、立体反発を避
けて DB24C8 が軸の中央へ速度定数 k1 で一時的に移動する過程が存在する。このようにし
て一時的に生成する 2-7 は速度定数 k4 で 2-6 + DB24C8 へと崩壊していくが、それよりも
速やかに速度定数 k3 でアミノ基をアシル化すれば、2-7 の構造が固定され、熱力学的に不
利なロタキサン 2-8 が得られる。牧田は R1 としてシクロヘキシル基や tert-ブチル基を用
いると、R1 が十分大きいため、k1 >> k2, k3 >> k4 となり、定量的な（> 99 %）能動輸送が
実現できることを示してきた。この能動輸送系は人工一方向移動分子モーターの一般的な
駆動系になり得る。しかし、R1 として tert-ブチル基を用いると、R1 を乗り越えて DB24C8
が軸上のアンモニウム塩部位に近づくことができない 5c）（ka~0）ため、解離状態(DB24C8 
+ 2-6-H+)から能動輸送された状態 2-8 へ持ち上げることはできない。DB24C8 はシクロヘ
キシル基を乗り越えることができるが、2-6-H+を 2-7-H+に変換するには極めて長い時間が
かかる 5b） (> 100 days)。このことは、人工分子モーターの track として 2-6-H+を用いよう
としても、R1 がシクロヘキシル基以上の大きさでは 2-6-H+から 2-7-H+へ変換することが
現実的に困難であるということである。2-6-H+から 2-8 へ速やかに変換するには R1 をシ
クロヘキシル基より小さくすればよいが、ka が大きくなると同時に、k2 および k4 も大きく
なり、能動輸送そのものがおこらなくなる可能性がある。もし、ka が十分大きい R1 でも
能動輸送できれば、解離状態 2-6-H+ + DB24C8 から能動輸送された状態 2-8 へ直接速やか
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Stoddart らは、アンモニウム塩と DB24C8 からなるロタキサンにおいて end–cap となり
得る末端置換基 R1 の検討を行い、シクロペンチル基がロタキサンの end–cap としては小
さすぎることを報告している 5a）。一方、Credi らは 24 員環のクラウンエーテルに対してシ
クロペンチル基の方がフェニレンよりも嵩高いと報告している 6）。このことから、2-6-H+
の R1 としてシクロペンチル基を用いれば、2-7-H+へ速やかに変換することができるだけ


















Scheme 2-3 に示すように、牧田の用いた 2-6a-H+の合成法を参考に、シクロヘキシル基
をシクロペンチル基におき替えた 2-6b-H+を合成した。 
2-6-H+
i : R1 = CH2
b : R1 = CH2




d : R1 = CH2









e : R1 =





























a : R1 = CH2 R2 = CH2 CH2OCO
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アルデヒド 2-12 をアミン 2-11 でアミノリシスした後、水素化アルミニウムリチウ
ムで還元し、生成するアミノ基を Boc 基で保護することでアルコール 2-13 を得た。
DMAP を触媒として用い、アルコール 2-13 を酸無水物 2-14 でエステル化することで




すれば、k1/k2 が大きくなり能動輸送が有利になると考えた。そこで、Scheme 2-4 に示





カルボン酸 2-15 を p-トルエンスルホン酸を触媒として、メチルエステル化してエステ
ル 2-16 を得た。次いで、3,5-ジメチルフェノールを 2-16 でアルキル化しエステル 2-16


















































































リドとした後、アミン 2-11 でアミノリシスすることでアミド 2-19c を得た。これを、水
素化アルミニウムリチウムで還元し、生成するアミノ基を Boc 基で保護することで
2-9c-Boc を得た。TFA で Boc を脱保護した後、対イオンを PF6–に交換することで
2-6b-H+を得た。 
次にシクロペンチル基と同程度の嵩高さを持つと期待されるイソプロピル基をもつ





エステル 2-17 をアミン 2-20 で直接アミノリシスしアミド 2-21 を得た。これを、水素
化アルミニウムリチウムで還元し、PF6 塩に導くことで 2-6d-H+を得た。 
次に、イソプロピル基の次に嵩高いと考えられる sec-ブチル基と、3-ペンチル基をもつ





カルボン酸 2-18 を二塩化オキサリルで酸クロリドとした後、Schotten-Baumann 法でア
ンモニアと反応させ、アミド 2-22 を得た。これを、水素化アルミニウムリチウムで還元
し、アミン 2-23 を得た。2-25 は 2-メチルブチルアルデヒドあるいは 2-エチルブチルアル
デヒドでイミノ化し、水素化ホウ素ナトリウムで還元した。粗アミンを Boc で保護して
2-9e-Boc と 2-9f-Boc としてから Boc 基を p-トルエンスルホン酸を用いて脱保護し、対
イオンを PF6–に交換することで 2-6e-H+と 2-6f-H+を得た。 
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また、シクロペンチル基とアンモニウム塩の距離を変えた 2-6g-H+と 2-6h-H+の合成を






リシスし、アミド 2-19g を得た。これを、水素化アルミニウムリチウムで還元し、Boc で
保護することで 2-9g-Boc を得た。これを p-トルエンスルホン酸で処理してから対イオン
を PF6–に交換して 2-6g-H+を得た。 













第三節 末端置換基 R1 の相対的な嵩高さ 
2-7*で DB24C8 が「右」側に動く速度 k2 や 2-7 で DB24C8 が抜けていく速度 k4 を直接
測ることはできない。そこで、軸コンポーネントとして様々な末端置換基を持つ非対称ア
ンモニウム塩 2-6-H+を用いて DB24C8との錯体 2-7-H+について錯解離速度定数 kdを求め、
k2 や k4 の相対的な示標とすることとした 5a）。測定は CD3CN : CDCl3 = 1 : 3 の溶媒中
[2-6-H+]0 = [DB24C8]0 = 0.01 M で行い、1H-NMR スペクトルで錯形成定数 Ka と錯形成速
度 kf を求め、ここから錯解離速度 kd を求めた。得られた結果を 2-6i-H+について報告され
ている値と共に Table 2-1 に示す。 
 
Table 2-1.  Association Constants Ka and rate Constants of Association (ka) and Disassociation 
(kd) of 2-7-H+.a 
 
2-7-H+: R1 ka (M-1s-1) kd (s-1) Ka (M-1)
ib : c-C6H11CH2– 4.8  10-7 4.4  10-9 110 
b : c-C5H9CH2– 4.2  10-2 1.1  10-4 400 
c : c-C5H9CH2– 5.0  10-2 1.2  10-4 420 
d : (CH3)2CHCH2– >4.5  100 <3.2  10-2 140 
e : (C2H5)(CH3)CHCH2– >1.1  101 <4.5  10-2 250 
f : (C2H5)2CHCH2–  0 - - 
g : c-C5H9– >2.8  101 <2.2  10-1 130 
h : c-C5H9CH2CH2– 6.0  10-3 8.8  10-6 670 
aAt 23 ºC and [2-6-H+]0 = [DB24C8]0 = 0.01 M in CD3CN/CDCl3 (1:3, v/v).  bReference 5a.  Temperature 
is 20 ˚C. 
 
錯形成定数 Ka は 2-6-H+の構造によって大きく変化しないのに対して、錯解離速度定数
kd は 2-6-H+の末端置換基に強く依存した。シクロペンチル基を末端官能基とする 2-6b-H+
と 2-6c-H+を DB24C8 と混合すると速やかに 2-7-H+を形成し、23	ºC で 1.5 時間以内に平
衡に達した。さらに、2-7b-H+と 2-7c-H+の錯解離速度定数 kd はシクロヘキシル基を持つ
2-7i-H+の錯解離速度定数 kd に比べて約 104 倍大きかった。イソプロピル基を持つ 2-7d-H+
と sec-ブチル基を持つ 2-7e-H+では錯形成速度定数 ka が非常に大きいため正確に測定する




シクロペンチル基がアンモニウム塩に直結している 2-6g-H+の錯解離速度定数 kd は
2-6c-H+の錯解離速度定数 kd よりも 103 倍大きかった。一方、エチレン鎖を持つ 2-6h-H+
の錯解離速度定数 kd は 2-6c-H+の錯解離速度定数 kd よりも 102 倍小さかった。すなわち、





























まず、kd の比較的小さいシクロペンチル基を末端置換基とする 2-6b-H+と 2-6c-H+を用
いて能動輸送を検討した（Table 2-2）。 
 
Table 2-2.  Effects of Acylation Agent, Temperature and Stoichiometry on the Efficiency of 
Active Transport.[a] 
 
entry 2-6-H+ temp. (°C) RCOX (equiv) Et3N (equiv) DMAP (equiv) yield of 3 (%)
1 b 0 Boc2Ob (50) 50 1 0 
2 b 0 TrocClc (50) 50 1 5 
3 b 0 BzCld (50) 50 1 78 
4 c 0 BzCl (50) 50 1 74 
5 c –20 BzCl (50) 50 1 65 
6 c r.t. BzCl (50) 50 1 58 
7 c 60 BzCl (50) 50 1 56 
8 c 0 BzCl (10) 50 1 38 
9 c 0 BzCl (50) 30 1 57 
10 c 0 BzCl (50) 50 5 61 
11 b 0 BzCl (50) 50 0 63 
12 c 0 BzCl (50) 50 0 60 
a A mixture of 2.0 equiv of DB24C8 and 2-6-H+ was stirred in CHCl3 at room temperature until the system 
became homogeneous before the addition of BzCl, DMAP, and Et3N.  The reaction was carried out for 40 
min. b di-tert-butyl carbonate. c 2,2,2-trichloroethyl chloroformate. d benzoyl chloride. 
 
シクロヘキシル基を末端置換基とする 2a-H+は 50 当量のトリエチルアミンと 1 当量の
DMAP 存在下、50 当量の無水 Boc で高速にアシル化すると 74%の効率で能動輸送される
ことが知られている 4。そこで、まず、クロロホルム中で 2-6b-H+と 2 当量の DB24C8 か
ら形成させた 2-7b-H+を同様の条件下で高速にアシル化した（entry 1）。しかし、ロタキ
サ ン は 全 く 得 ら れ な か っ た 。 そ こ で 、 よ り 反 応 性 の 高 い ア シ ル 化 剤 と し て
2,2,2-trichloroethyl chloroformate （TrocCl）を用いたところ、5%の収率ではあるがロタキ
サン 2-8b-Troc が得られた（entry 2）。さらに、安息香酸クロリド（BzCl）を用いると 78%
の収率で能動輸送生成物 2-8b-Bz が得られた（entry 3）。このことから、末端置換基 R1
としてシクロペンチル基を用いても、シクロペンチル基の嵩高さのため、DB24C8 は「右」






















った。また、同じ条件で 2-6c-H+を用いても 74%の効率で能動輸送された（entry 4）。 
低温では、2-6-H+と 2-7-H+間の平衡は擬ロタキサン側に偏る。そこで、–20 °C で 2-6c-H+
の高速アシル化を行った。しかし、2-8c-Bz の収率は 65%に低下した（entry 5）。これは、
アシル化速度 k3 の低下が能動輸送効率の低下を引き起こしたものと考えられる。そこで、





した（entries 8 and 9）。DMAP の量を増やせばアシル化速度 k3 が速くなり、能動輸送効率
が向上すると期待したが、能動輸送効率はむしろ低下した（entry 10）。驚くべきことに、
DMAP を用いなくても、能動輸送効率が大きく低下することはなかった（entries 11 and 12）。
アンモニウム塩型のロタキサンのアシル化では DMAP がアシル化反応を阻害することが
あることが知られており 8、DMAP の効果が複雑であることから、系を単純化するために、
これ以後の検討は DMAP を用いずに行った。 
興味深いことに 2-8b-Bz は常に 2-8c-Bz よりも僅かながら収率よく得られた（entries 1, 
2, 9 and 10）。この差は 2-7b ではベンゼン環と DB24C8 の間に相互作用が働くことで（後
述）、見かけの上での嵩高さが小さくなり 2-7b*では 2-7c*よりも DB24C8 が「右」側に動
く速度 k1 が大きくなることが考えられる。 
次に、0 °C で 50 当量の BzCl とトリエチルアミンでアシル化を行い、能動輸送効率に





Table 2-3.  Effect of Solvent and the Amount of Crown Ether on the Efficiency of Active 
Transport.a 
 
entry 2-6-H+ solvent DB24C8 (equiv) yield of 2-3-Bz (%)
1 c CHCl3 2.0 60 
2 c CH2Cl2 2.0 65 
3 c CH3CN 2.0 57 
4 c AcOEt 2.0 69 
5 c toluene 2.0 72 
6 c CHCl3 1.5 77 
7 c CHCl3 1.3 62 
8 c CHCl3 1.1 46 
9 c toluene 1.5 95 
10 b CHCl3 2.0 63 
11 b toluene 2.0 38 
12 b toluene 1.5 36 
a A mixture of 2.0 equiv of DB24C8 and 2-6-H+ was stirred in CHCl3 at room temperature until the system 





溶であるが、DB24C8 を加えて 2-7-H+を形成させると、常温では系が均一になり、0°C に
冷やすと 2-7-H+が一部析出して不均一になった。系が不均一のまま BzCl とトリエチルア
ミンを順に加えたが能動輸送は進行した。溶媒としてアセトニトリルを用いたときには能
動輸送効率が低下したが、酢酸エチルを用いたときには向上し、トルエンを用いるとさら
に向上した （entries 3, 4 and 5）。次に、DB24C8 の量を変えてクロロホルム中で能動輸送
の検討を行った。DB24C8 の量を 1.5 当量に低下させた時、能動輸送効率は 77%にまで向
上した（entry 6）。能動輸送の効率は 2-7-H+の生成効率とアシル化による能動輸送効率の
積で表わされる。DB24C8 は大量に用いると系の極性が上がり、かえって擬ロタキサンの
生成効率が下がることが知られている 7）ことから、用いる DB24C8 の量を減らすことで
2-7-H+の生成効率が向上したからであると考えられる。しかし、DB24C8 の量をさらに下
げるとロタキサンの収率は低下した（entries 7 and 8）。DB24C8 の量を下げると系の極性
は低下するが、下げすぎると平衡が 2-6-H+側に寄りすぎてしまったからであると考えられ
る。そこで、DB24C8 を 1.5 当量として溶媒をトルエンとして反応を行ったところ、能動
輸送効率は 95%に達し、ほぼ定量的な能動輸送が可能になった（entry 9）。一方、2-6b-H+
の能動輸送をトルエン中で行ったが、能動輸送効率は低下した（entries 10, 11 and 12）。
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動輸送の効率に影響しているように思われる。  
さらに、塩基の効果を検討した。2-6c-H+と 1.5 equiv の DB24C8 を用いてトルエン中
で反応を行なった。結果を Table 2-4 に示す。  
 
Table 2-4.  Effect of the Base on the Efficiency of Active Transport.a 
 
entry base yield of 2-8c-Bz
1 Et3N 95 
2 pyridine 6 
3 DMAP 0 
4 DBUb 0 
5 iPr2NEt 68 
aA mixture of 1.5 equiv of DB24C8 and 2-6c-H+ was stirred in toluene until the system became 
homogeneous at room temperature before the addition of 50 equiv of BzCl, and 50 equiv of base. 
Reactions were carried out at 0 °C for 40 min.  b1,8-diazabicyclo[5.4.0]undec-7-ene. 
 
塩基としてピリジン、DMAP および DBU を用いたときの能動輸送効率はそれぞれ 6%
および 0%であった。ピリジン、DMAP や DBU のように窒素が sp2 混成となる塩基につい
ては、たとえ DBU のような強塩基でもアンモニウム塩とクラウンエーテルからなるロタ
キサンのアシル化に適さないことが報告されている 8。そこで、窒素 sp3 混成である塩基と
して iPr2NEt を用いたところ、能動輸送できたが、効率は Et3N に及ばなかった。  
さらに、アシル化剤の効果をトルエン中、2-6c-H+と１.5 当量の DB24C8 を用いて検討

























Table 2-5.  Effect of the Acylation Agent on the Efficiency of Active Transport.a 
 
entry acylation agent yield of 2‐8c (%)
1 3,5-Me2C6H3COCl 82 
2 4-Me-C6H4-NCO 43 
3 Bz2O 25 
4 CH3COCl 0 
5 (CH3)2CHCOCl 49 
6 ((CH3)2CHCO)2O 0 
7 (CF3CO)2O 88 
aA mixture of 1.5 equiv of DB24C8 and 2-6c-H+ was stirred in toluene until the system became 
homogeneous at room temperature before the addition of 50 equiv of acylation agent, and 50 equiv of 









































能動輸送に対する末端置換基 R1の効果を検討した。反応は 1.5 当量の DB24C8 を用い、
50 当量のアシル化剤の存在下 50 当量のトリエチルアミンを用いてクロロホルムまたはト
ルエンを用いて検討した。結果を Table 2-6 に示す。  
 
Table 2-6.  Effect of the Terminal Group on the Efficiency of Active Transport.a 
 
entry 2-6-H+ : R1 solvent yield of 2-8-Bz
1 c : c-C5H9CH2– CHCl3 77 
2 c : c-C5H9CH2– toluene 95 
3 d : (CH3)2CHCH2– CHCl3 2 
4 d : (CH3)2CHCH2– toluene 8 
5 e : (C2H5)(CH3)CHCH2– CHCl3 8 
6 e : (C2H5)(CH3)CHCH2– toluene 10 
7 g : c-C5H9– CHCl3 4 
8 g : c-C5H9– toluene 8 
9 h : c-C5H9CH2– CHCl3 59 
aA mixture of 1.5 equiv of DB24C8 and 2-6c-H+ was stirred until the system became homogeneous at 
room temperature before addition of 50 equiv of BzCl and 50 equiv of Et3N. Reactions were carried out 
at 0 °C for 40 min. 
 
末端置換基としてイソプロピル基を持つ 2-6d-H+と sec-ブチル基を持つ 2-6e-H+を用い
た時には、能動輸送生成物 2-8-Bz の収率は低かった。これらの結果は、イソプロピル基
と sec-ブチル基は末端置換基として、小さすぎるため、DB24C8 が「左」側に動きやすく
なっていて、2-7 の寿命が短く、アシル化速度 k3 をさらに上げなければ能動輸送ができな
いことを示している。  
2-6g-H+を用いたとき、ロタキサンは僅かにしか得られなかった。2-6g-H+の錯解離速





ぎなかった。2-6h-H+の錯解離速度定数 kd は、2-6c-H+の錯解離速度定数 kd に比べて 102
倍小さく、シクロペンチル基はより嵩高い置換基として振る舞っている。それにも関わら
ず、2-6h-H+からの能動輸送効率が低下したのは、シクロペンチル基がアンモニウム塩部






























2-8c-Bz の単結晶の X 線結晶学的解析からロタキサン構造を確認した。2-8c-Bz
の結晶は単位格子中に非常によく似たコンホメーションの 2 種類の分子があった。
Figure 1 は結晶状態での 2-8c-Bz のうちの片方を示す。軸のメチレンの水素と DB24C8
の酸素との間に 8 本の CHO 水素結合が観測された。その水素結合のリストを Table 





Figure 2-1.  Molecular structure of 2-8c-Bz.  There are two very similar conformations of 
2-8c-Bz molecule in the unit cell of the single crystal of 2-8c-Bz.  This Figure shows one 







Table 2-7.  The List of Parameters of the CH···O Hydrogen Bonding Interaction Observed 
in One of the 2-8c-Bz Molecules. 
interacting atoms 
CHO hydrogen bonding atoms distance (Å) angle (deg) 
C39-H27-O4 C39-O4 3.362 104.7 O4-H27 2.973 
C39-H28-O4 C39-O4 3.362 114.3 O4-H28 2.832 
C39-H28-O5 C39-O5 3.369 172.9 O5-H28 2.385 
C40-H111-O2 C40-O2 3.306 114.0 O2-H111 2.777 
C40-H112-O6 C40-O6 3.310 125.4 O6-H112 2.636 
C41-H29-O2 C41-O2 3.303 126.8 O2-H29 2.613 
C42-H31-O8 C42-O8 3.280 106.1 O8-H31 2.864 
C42-H32-O8 C42-O8 3.280 110.0 O8-H32 2.806 
 
2-8b-Bz の単結晶は得られなかったが、よく似た構造を持つロタキサン 2-10 の結
晶構造が報告されている 8。そこで、2-8b-Bz で働いている分子間相互作用を 2-10 か




効率の方が常に高かったが、これは CH/相互作用が働くために、2-7b*の k1 が 2-7c*
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第七節 ロタキサン形成に伴う 1H-NMR スペクトルの変化 
 
2-8c についてロタキサンの形成に伴う 1H-NMR スペクトルの変化を Figure 1 に示
す。2-6c-H+に DB24C8 を加えると f と d のピークは残存する 2-6c-H+のピークと擬ロ
タキサン 2-7c-H+の形成によって低磁場シフトした fp と dp に分裂する。これが 2-8c



















タキサンの生成効率が低下し 0 °C が最適温度であった。シクロペンチル基よりも小さ






















 To a solution of 2-11 (870.6 mg, 8.78 mmol) in methanol (3 ml) was added 2-12 (1.4770 
g, 9.00 mmol), and the reaction mixture was stirred for 15 h. After removal of the solvent, 
diethyl ether was added, and the solution was washed with brine, dried over magnesium 
sulfate sulfate, and evaporated in vacuo, to obtain a white solid (1.8176 g). Lithium 
aluminum hydride (708.0 mg, 18.7 mmol) was dispersed in tetrahydrofuran, and a solution 
of imine in tetrahydrofuran (20 ml) was added at 0 ºC. After refluxing for 3 h, a saturated 
aqueous solution of sodium sulfate was slowly added to the reaction mixture till the gas 
evolution ceased. After stirring for 1 h, precipitate was filtered off, and washed with diethyl 
ether. The filtrate was washed with brine, dried over magnesium sulfate, and evaporated in 
vacuo to give colorless oil (1.5290 g). The crude amine was dissolved in dichloromethane 
(3 ml), and di-tert-butyl dicarbonate (2.5 ml, 11.5 mmol) was added. After stirring for 40 h, 
hydrochloric acid (1 mol/l), was added, and the reaction mixture was extract with 
dichloromethane. The organic layer was dried over magnesium sulfate, and evaporated in 
vacuo. The residue was chromatographed with silicagel (eluent : hexane/ethyl acetate, 4:1, 
v/v) to give 2-13 (1.5240 g, 4.77 mmol, 54%) as a colorless oil. 
 
1H-NMR (500 MHz, CDCl3): δ 7.31 (d, J = 8.0, 2 H), 7.21 (br, 2H), 4.67 (s, 2H), 4.45 (br, 
2H), 3.16 and 3.07 (two br, 2H), 2.15 (br, 1H), 1.71-1.55 (m, 2H), 1.55-1.38 (m, 11H), 1.19 
(br, 2H) ppm; IR (KBr): 3433, 2952, 2868, 1692, 1463. 1414, 1366, 1247, 1157 cm-1; 
ESI-MS m/z Calcd for C19H29NNaO3: 342.2045 [M+Na]+, Found: 342.2035 [M+Na]+. 
 
N-Protected amine 2-9b-Boc 
 A solution of 2-13 (718.2 mg, 2.25 mmol), 2-14 (700.9 mg, 1.55 mmol) and 
4-(dimethylamino)pyridine (267.8 mg, 2.19 mmol) in dichloromethane (6 ml) was refluxed 
for 1 h. After the addition of chloroform, the reaction mixture was washed with a saturated 
aqueous solution of sodium hydrogen carbonate (50 ml), dried over magnesium sulfate, and 
evaporated in vacuo. The residue was chromatographed with silica gel (eluent : 
hexane/ethyl acetate, 4:1, v/v) to give 2-9b-Boc (790.5 mg, 1.75 mmol, 78%) as a colorless 
oil. 
 
1H-NMR (500 MHz, CDCl3): δ 7.68(s, 2H), 7.40 (d, J = 8.1, 2H), 7.24 (br, 2H), 7.19 (s, 1H), 
5.33 (s, 2H), 4.50-4.42 (m, 2H), 3.22-3.04 (m, 2H), 2.35 (s, 6H), 2.15 (br, 1H), 1.71-1.58 (m, 
4H), 1.55-1.40 (m, 11H), 1.19 (br, 2H) ppm; IR (KBr): 2954, 1722, 1691, 1308, 1209, 1155, 






Ammonium salt 2-6b-H+ 
 A solution of 2-9b-Boc (658.5 mg, 1.46 mmol) and trifluoroacetic acid (200 l, 2.69 
mmol) in dichloromethane (3 ml) was stirred for 11 h. After the addition of 
dichloromethane and ethyl acetate, the reaction mixture was washed twice with an aqueous 
solution of sodium hydrogen carbonate, dried over magnesium sulfate, and evaporated in 
vacuo to give a white solid. The crude ammonium salt was dissolved in methanol (5 ml). 
After the addition of hydrochloric acid (1 mol/l, 2 ml) and saturated aqueous ammonium 
hexafluorophosphate solution (150 ml), the mixture was poured into water. The precipitate 
was collected by filtration, and was recrystallized from ethyl acetate-hexane to obtain 
2-6b-H+ (159.2 mg, 0.320 mmol, 22%) as a white solid. 
 
1H-NMR (300 MHz, CDCl3): δ 7.66 (s, 2H), 7.54 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.5 Hz, 
2H), 7.26 (s, 1H), 5.37 (s, 2H), 4.15 (s, 2H), 2.98-2.96 (m. 2H), 2.18-2.11 (m, 2H), 
1.87-1.83 (m, 2H), 1.69-1.53 (m, 4H), 1.25-1.18 (m, 2H) ppm; 13C-NMR (125 MHz, 
CDCl3): δ 166.68, 138.17, 137.91, 134.91, 130.63, 129.80, 129.72, 128.60, 127.41, 65.72, 
51.03, 50.91, 36.85, 30.91, 25.09, 21.17 ppm; IR (KBr): 2956, 2788, 1718, 1311, 1211, 837 
cm-1; ESI-MS m/z Calcd for C23H30NO2: 352.2277 [M-PF6]+, Found: 352.2290 [M-PF6]+. 
 
Ester 2-16 
A solution of 2-15 (4.9695 g, 27.5 mmol) and p-toluenesulfonic acid monohydrate (3.0823 
g, 16.2 mmol) in methanol (200 ml) was refluxed for 45 min. After removal of the solvent 
in vacuo, diethyl ether was added, and the solution was washed with a saturated aqueous 
solution of sodium hydrogen carbonate, dried over magnesium sulfate, and evaporated in 
vacuo to give 2-16 (4.8388 g, 24.8 mmol, 90%) as a colorless oil. 
 
1H-NMR (300 MHz, CDCl3): δ 3.68 (s, 3H), 3.42 (t, J = 6.5 Hz, 2H), 2.36 (t, J = 7.2 Hz, 2H), 
1.96-1.58 (m, 4H) ppm. 
 
Ester 2-17 
 A solution of 2-16 (4.8388 g. 24.8 mmol), 3,5-dimethylphenol (3.2949 g, 27.0 mmol) and 
podium carbamate (10.1098 g, 73.1 mmol) in acetone (10 ml) was refluxed for 6 h. After the 
addition of hydrochloric acid (1 mol/l, 100 ml) and brine, the reaction mixture was 
extracted with hexane.  The organic layer was dried over magnesium sulfate, and 
evaporated in vacuo. The residue was chromatographed with silica gel (eluent: 
hexane/ethyl acetate, 19:1, v/v) to give 2-17 (5.8402 g, 24.7 mmol, 100%) as a colorless 
oil. 
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1H-NMR (400 MHz, CDCl3): δ 6.58 (s, 1H), 6.51 (s, 2H), 3.93 (t, J = 6.0 Hz, 2H), 3.67 (s, 
3H), 2.39 (t, J = 7.3 Hz, 2H), 2.27 (s, 6H), 1.85-1.75 (m, 4H) ppm; 13C-NMR (125 MHz, 
CDCl3): δ 173.86, 158.93, 139.09, 122.33, 112.18, 67.04, 51.44, 33.63, 28.67, 21.60, 21.35 
ppm; IR (KBr): 2950, 2920, 2871, 1739, 1595, 1330, 1295, 1169 cm-1; ESI-MS m/z Calcd 




 A solution of 2-17 (1.4211 g, 6.01 mmol) and potassium hydroxide (3.3925 g, 60.5 mmol) 
in methanol/H2O (1:1, v/v, 14 ml) was refluxed for 2 h. After the addition of hydrochloric 
acid (1 mol/l, 100 ml) and brine, the reaction mixture was extracted with ethyl acetate. The 
organic layer was dried over magnesium sulfate, evaporated in vacuo to give 2-18 (1.2755 
g, 5.74 mmol, 96%) as a white solid. 
 
1H-NMR (300 MHz, CDCl3): δ 10.72 (br, 1H), 6.60 (s, 1H), 6.52 (s, 2H), 3.95 (t, J = 5.8 Hz, 
2H), 2.45 (t, J = 7.0 Hz, 2H), 2.28 (s, 6H), 1.96-1.81 (m, 4H) ppm; 13C-NMR (125 MHz, 
CDCl3): δ 179.85, 158.91, 139.11, 122.40, 112.22, 67.04, 33.63, 28.57, 21.60, 21.37 ppm; 
IR (KBr): 2954, 2877, 1706, 1595, 1324, 1295, 1169, 1065 cm-1; ESI-MS m/z Calcd for 
C14H20NNaO3: 267.0973 [M+Na]+, Found: 267.0968 [M+Na]+. 
 
Amide 2-19c 
 To a solution of 2-18 (1.5762 g, 7.09 mmol) in dichloromethane (5 ml) was added (COCl)2 
(1.0 ml, 11.7 mmol) at 0 ºC, and the reaction mixture was stirred for 90 min. After the 
removal of the solvent, the residue was diluted with tetrahydrofuran (2.5 ml), and a solution 
of 2-11 (740.1 mg, 7.46 mmol) and triethylamine (1.0 ml, 7.21 mmol) in tetrahydrofuran 
(2.5 ml) was added. After stirring for 1 h, the resulting suspension was poured into water, 
and the precipitate was collected by filtration. The crude product was recrystallized from 
ethyl acetate-hexane to give 2-19c (1.9752 g, 6.51 mmol, 92%) as a colorless crystal.  
 
1H-NMR (400 MHz, CDCl3): δ 6.60 (s, 1H), 6.51 (s, 2H), 5.50 (br, 1H), 3.96-3.16 (m, 2H), 
2.27 (s, 6H), 1.88-1.46 (m, 6H), 1.24-1.15 (m, 2H) ppm. 
 
N-Protected amine 2-9c-Boc 
To a solution of 2-19c (771.3 mg, 2.54 mmol) in tetrahydrofuran (20 ml) was added lithium 
aluminum hydride (708.0 mg, 18.7 mmol) at 0 ºC. After refluxing for 2 h, a saturated 
aqueous solution of sodium sulfate was slowly added to the reaction mixture till the gas 
evolution ceased. After stirring for 1 h, precipitate was filtered off, and washed with diethyl 




vacuo to give a colorless oil (618.6 mg, 2.14 mmol, 84%). The resulting amine was 
dissolved in dichloromethane (3 ml), and di-tert-butyl dicarbonate (1.0 ml, 4.58 mmol) was 
added before the reaction mixture was stirred for 1 h. After the addition of ethyl acetate, the 
reaction mixture was washed with 2.5% aqueous ammonia, hydrochloric acid (1 mol/l), 
then brine, dried over magnesium sulfate, and evaporated in vacuo. The residue was 
chromatographed with silicagel (eluent : hexane/AcOEt, 4:1, v/v) to obtain 2-9c-Boc 
containing substantial amount of di-tert-butyl dicarbonate as a colorless oil (907.7 mg). A 
part (785.0 mg) of the crude 2-9c-Boc was further purified by preparative GPC to obtain 
2-9c-Boc (432.9 mg, 1.20 mmol, 55%) as a colorless oil. 
 
1H-NMR (500 MHz, CDCl3): δ 6.58 (s, 1H), 6.52 (s, 2H), 3.92 (t, J = 6.4 Hz, 2H), 3.25-3.09 
(m, 4H), 2.28 (s, 6H), 1.81-1.75 (m, 2H), 1.70–1.50 (m, 8H), 1.45 (s, 9H), 1.45-1.40 (m, 
3H), 1.24-1.17 (m, 2H) ppm; 13C-NMR (125 MHz, CDCl3): δ 159.15, 146.78, 139.15, 
122.32, 112.29, 85.19, 79.02, 67.61, 51.43, 30.29, 29.16, 28.52, 27.43, 24.98, 23.55, 21.44 
ppm; IR (KBr): 2952, 2866, 1693, 1596, 1416, 1365, 1295, 1168 cm-1; ESI-MS m/z Calcd 
for C28H37NNaO4: 474.2620 [M+Na]+, Found: 474.2608 [M+Na]+. 
 
Ammonium salt 2-6c-H+ 
 A solution of 2-9c-Boc (937.1 mg, 2.50 mmol) and p-toluenesulfonic acid monohydrate 
(1.0201 g, 2.50 mmol) in dichloromethane (3 ml) was stirred for 11 h. After the addition of 
dichloromethane, the reaction mixture was washed with a saturated aqueous ammonium 
hexafluorophosphate solution (150 ml), dried over magnesium sulfate, and evaporated in 
vacuo to give a white solid, which was purified by preparative GPC to give 2-6c-H+ (593.1 
mg, 1.41 mmol, 56%) as a colorless oil 
 
1H-NMR (500 MHz, CDCl3): δ 6.59 (s, 1H), 6.51 (s, 2H), 3.92 (t, J = 6.1 Hz, 2H), 3.20-3.11 
(m, 2H), 3.09-3.02 (m, 2H), 2.32-2.19 (m, 1H), 2.27 (s, 6H), 1.98-1.75 (m, 6H), 1.72-1.52 
(m, 6H) 1.28-1.16 (m, 2H) ppm; IR (KBr) 2942, 2796, 1295, 1076, 832 cm-1; ESI-MS m/z 
Calcd for C19H32NO: 290.2484 [M-PF6]+, Found: 290.2501 [M-PF6]+. 
 
Active Transport: 
Typical Procedure-1: In toluene without 4-(dimethylamino)pyridine 
 A suspension of 2-6c-H+ (17.1 mg, 0.0393 mmol) and dibenzo-24-crowm-8 (26.5 mg, 
0.0591 mmol) in toluene (0.4 ml) was stirred at 0 ˚C. After the system once turned to 
homogeneous, it again turned to heterogeneous. Benzoyl chloride (230 μl, 1.98 mmol) and 
triethylamine (260 μl, 1.88 mmol) were sequentially added, and the reaction mixture was 
stirred for 40 min. After chloroform was added, the reaction mixture was washed with 
hydrochloric acid (1 mol/l), dried over magnesium sulfate, and evaporated in vacuo to give 
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a white solid (218.9 mg). A part (200.3 mg) of the crude product was purified by preparative 
GPC to obtain 2-8c-Bz (28.6 mg, 0.0340 mmol, 95%) as a white solid. 
 
Typical Procedure-2: In chloroform with 4-(dimethylamino)pyridine 
A suspension of 2-6c-H+ (17.8 mg, 0.0409 mmol) and dibenzo-24-crowm-8 (36.7 mg, 
0.0818 mmol) in chloroform (0.4 ml) was stirred until the system became homogeneous. 
Benzoyl chloride (230 μl, 1.98 mmol), 4-(dimethylamino)pyridine (4.984 mg, 0.0408 
mmol) and triethylamine (260 μl, 1.88 mmol) were sequentially added at 0 ˚C, and the 
reaction mixture was stirred for 40 min. After chloroform was added, the reaction mixture 
was washed with hydrochloric acid (1 mol/l), dried over magnesium sulfate, and evaporated 
in vacuo to give a white solid (113.4 mg). A part (86.3 mg) of the crude product was purified 
by preparative GPC to obtain 2-8c-Bz (19.3 mg, 0.0229 mmol, 77%) as a white solid. 
 
2-8b-Bz  
1H-NMR (400 MHz, CDCl3): δ 8.29–8.08 (m, 4H), 7.38-7.20 (m, 4H), 7.18-7.05 (m,  2H), 
6.94-6.78 (m, 10H), 6.06-5.92 (m, 2H), 4.68 and 4.31 (two s, 2 H), 4.20-3.94 (m, 8 H), 
3.76-3.52 (m, 8H), 3.30-3.16 (m, 5H), 3.01-2.77 (m, 5H), 2.40-2.18 (m, 7H), 1.80-0.79 (m, 




1H-NMR (300 MHz, CD3CN/CDCl3, 1:3, v/v): δ 7.39–7.26 (m, 3H), 7.20-7.06 (m, 2H), 
6.96-6.94 (m, 8H), 6.64-6.38 (m, 3H), 4.30-3.88 (m, 10H), 3.86-3.40 (m, 16H), 3.40-3.19 
(m, 2H), 3.08-2.87 (m, 2H), 2.23-2.10 (m, 6H), 1.78-0.65 (m, 14H) ppm; ESI-MS m/z Calcd 
for C50H67NNaO11: 864.4663 [M+Na]+, Found: 864.4613 [M+Na]+. 
 
Amide 2-21 
A mixture of 2-17 (1.8855 g, 7.98 mmol) and 2-20 (3.5 ml, 2.58 g, 35.2 mmol) were 
heated at 150 °C for 24 h.  After the addition of diethyl ether, the solution was washed with 
hydrochloric acid (3 mol/l), and evaporated in vacuo to give yellow oil (1.7693 g).  The 
crude product was recrystallized from ethyl acetate-hexane to obtain 2-21 (1.6574 g, 6.29 
mmol, 78%) as a white crystal. 
 
m.p.: 65.4-66.1 °C 
1H-NMR (500 MHz, CDCl3): δ 6.59 (s, 1H), 6.52 (s, 2H), 5.52 (br, 1H), 3.97-3.93 (m, 2H), 
3.11-3.06 (m, 2H), 2.28 (s, 6H), 1.88-1.72 (m, 5H), 0.91 (d, J = 6.7 Hz, 6H) ppm. 
 




To a suspension of lithium aluminum hydride (1.9740 g, 52.0 mmol) in tetrahydrofuran 
(20 ml) was added a solution of 2-20 (1.9740 g, 7.12 mmol) in tetrahydrofuran (10 ml) at 
0 °C. After refluxing for 2 h, a saturated aqueous sodium sulfate solution was slowly added 
to the reaction mixture until the gas evolution ceased. After stirring for 1 h, precipitate was 
filtered off and washed with diethyl ether. The filtrate was washed with brine, dried over 
magnesium sulfate, and evaporated in vacuo to give colorless oil (1.5290 g). After the 
addition of hydrochloric acid (1 mol/l, 8 ml) and methanol (15 ml), the reaction mixture was 
poured into saturated aqueous ammonium hexafluorophosphate solution (150 ml). 
Precipitate was collected by filtration, and dried in vacuo to obtain 2-6d-H+ (1.2950 g, 3.11 
mmol, 44%) as a white solid. 
 
1H-NMR (500 MHz, DMSO-d6): δ 8.16-6.80 (br, 2H), 6.56 (s, 1H), 6.52 (s, 2H), 3.92 (t, J 
= 6.2 Hz, 2H), 2.90 (t, J = 7.7 Hz, 2H), 2.75 (d, J = 6.9 Hz, 2H), 2.22 (s, 6H), 1.96-1.87 (m, 
1H), 1.76-1.60 (m, 4 H), 1.49-1.40 (m, 2H), 0.94 (d, J = 6.7 Hz, 6H) ppm; IR (KBr) 2939, 
2792, 1595, 1465, 1328, 1296, 1168, 1156, 830 cm-1; ESI-MS m/z Calcd for C17H30NO: 
264.2327 [M-PF6]+, Found: 264.2319 [M-PF6]+. 
 
Amide 2-22 
To a solution of 2-18 (1.5122 g, 6.84 mmol) in dichloromethane (5 ml) was added oxalyl 
chloride (1.0 ml, 11.7 mmol) at 0 °C, and the mixture was stirred for 2.5 h. After removal of 
the solvent, tetrahydrofuran (10 ml) was added, and the solution was poured into 25 % 
ammonia solution (50 ml). Brine was added, and the mixture was extracted with 
dichloromethane. The organic layer was dried over magnesium sulfate, and evaporated in 
vacuo to give a white solid. The crude amide was recrystallized from ethyl acetate-hexane 
to obtain 2-22 (1.0783 g, 4.87 mmol, 71%) as a white crystal. 
 
m.p.: 82.8-83.8 °C 
1H-NMR (500 MHz, CDCl3): δ 6.59 (s, 1H), 6.51 (s, 2H), 5.57 and 5.48 (two br, 2H), 3.96 
(t, J = 5.8 Hz, 2H), 2.38-2.30 (m, 2H), 2.28 (s, 6H), 1,87-1.80 (m, 4H) ppm. 
 
Amine 2-23 
To a suspension of lithium aluminum hydride (912.2 mg, 24.0 mmol) in tetrahydrofuran 
(20 ml) was added a solution of 2-22 (829.7 mg, 3.75 mmol) in tetrahydrofuran (10 ml) at 
0 °C. After refluxing for 2 h, a saturated aqueous Na2SO4 solution was slowly added to the 
reaction mixture until the gas evolution ceased. After stirring for 1 h, precipitate was 
filtered off and washed with diethyl ether. The filtrate was washed with brine, dried over 
magnesium sulfate, and evaporated in vacuo to obtain 2-23 (797.3 mg, 3.85 mmol, 103%) 
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as a white solid. The product was used for the synthesis of 2-9-Boc without further 
purification. 
 
N-protected amine 2-9e-Boc 
To a solution of 2-23 (797.3 mg, 3.85 mmol) in methanol (10 ml) was added 
2-methylbutanal (1.0 ml, 9.40 mmol). After stirring for 1 h, sodium tetrahydridoborate 
(1.0272 g, 27.2 mmol) was added. After stirring for 1 h, diethyl ether was added, and the 
mixture was washed with brine, dried over magnesium sulfate, and evaporated in vacuo to 
give a colorless oil (871.3 mg). The crude amine was dissolved in dichloromethane (3 ml), 
and di-tert-butyl dicarbonate (1.0 ml, 4.58 mmol) was added. After stirring for 16 h, the 
reaction mixture was diluted with dichloromethane, washed with 25% ammonia solution, 
dried over magnesium sulfate, and evaporated in vacuo to give a colorless oil (1.2389 g). 
The colorless oil was chromatographed using silica gel (eluent: hexane/ethyl acetate, 9 :1, 
v/v) to give 2-9e-Boc (456.2 mg, 1.21mmol, 32%) as a white solid. 
 
1H-NMR (400 MHz, CDCl3): δ 6.58 (s, 1H), 6.52 (s, 2H), 3.92 (t, J = 6.4 Hz, 2H), 
3.30-2.88 (m, 4H), 2.28 (s, 6H), 1.84-1.73 (m, 2H), 1.72-1.52 (m, 4H), 1.50-1.32 (m, 11H), 
1.16-1.02 (m, 1H), 0.89 (t, J = 7.4 Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H) ppm; IR (KBr) 2964, 
1694, 1596, 1467, 1417, 1365, 1324, 1296, 1170 cm-1; ESI-MS m/z Calcd for 
C23H39NNaO3: 400.2828 [M+Na]+, Found: 400.2841 [M+Na]+. 
 
N-protected amine 2-9f-Boc 
1H-NMR (400 MHz, CDCl3) δ 6.58 (s, 1H), 6.52 (s, 2H), 3.92 (t, J = 6.6 Hz, 2H), 
3.24-3.02 (m, 4H), 2.28 (s, 6H), 1.84-1.72 (m, 2H), 1.64-1.48 (m, 4H), 1.48-1.36 (m, 10H), 
1.36-1.22 (m, 4H), 0.87 (t, J = 7.4 Hz, 6H) ppm; IR (KBr) 2963, 1694, 1596, 1467, 1418, 
1365, 1324, 1296, 1169 cm-1; ESI-MS m/z Calcd for C24H41NNaO3: 414.2984 [M+Na]+, 
Found: 414.2967 [M+Na]+. 
 
Ammonium salt 2-6e-H+ 
 A solution of 2-9e-Boc (456.2 mg, 1.21 mmol) and trifuluoroacetic acid (0.20 ml, 2.61 
mmol) in dichloromethane (5 ml) was stirred for 2 days. Trifuluoroacetic acid (0.20 ml, 
2.61 mmol) was further added to the reaction mixture, and was stirred for additional 1 h. 
The evaporation of solvent in vacuo gave a colorless oil. After the addition of hydrochloric 
acid (1 mol/l,  (1.5 ml) and methanol (1.0 ml), the resulting solution was slowly poured into 
a saturated aqueous ammonium hexafluorophosphate solution (150 ml), and the reaction 
mixture was extracted with dichloromethane. The organic layer was dried over magnesium 




crude product was purified by preparative GPC to give 2-6e-H+ (136.3 mg, 0.332 mmol, 
32%) as a white solid. 
 
1H-NMR (400 MHz, CDCl3): δ 6.63 (br, 2 H), 6.58 (s, 1H), 6.51 (s, 2H), 3.92 (t, J = 6.2 
Hz, 2H), 3.12-3.02 (m, 2H), 3.02-2.92 (m, 1H), 2.87-2.75 (m, 1H), 2.38-2.05 (m, 6H), 
1.91-1.74 (m, 5H), 1.61-1.49 (m, 2H), 1.49-1.38 (m, 1H), 1.32-1.16 (m, 1H), 1.01 (d, J = 
6.8 Hz, 3H), 0.93 (t, J = 7.5 Hz, 3H) ppm; IR (KBr) 3268, 2954, 2810, 1597, 1471, 1325, 
1297, 1171, 1156, 831 cm-1; ESI-MS m/z Calcd for C18H32NO: 278.2484 [M-PF6]+, Found: 
278.2507 [M-PF6]+. 
 
Ammonium salt 2-6f-H+ 
 A solution of 2-9f-Boc (490.2 mg, 1.25 mmol) and p-toluenesulfonic acid monohydrate 
(384.6 mg, 2.02 mmol) in dichloromethane (1.5 ml) was stirred for 2 days. Trifuluoroacetic 
acid (0.20 ml, 2.61 mmol) was added to the reaction mixture, and was stirred for additional 
25 h. The evaporation of the solvent in vacuo gave a white solid. After the addition of 
methanol (3.0 ml), the resulting solution was slowly poured into a saturated aqueous 
ammonium hexafluorophosphate solution (150 ml), and the reaction mixture was extracted 
with dichloromethane. The organic layer was dried over magnesium sulfate and evaporated 
in vacuo to give a white solid (458.2 mg). A part (364.3 mg) of the crude product was 
purified by preparative GPC to give 2-6f-H+ (130.9 mg, 0.299 mmol, 30%) as a white solid. 
 
1H-NMR (500 MHz, CDCl3): δ 6.78-6.20 (m, 5H), 3.92 (t, J = 6.0 Hz, 2H), 3.18-3.08 (m, 
2H), 3.04-2.93 (m, 2H), 2.27 (s, 6H), 1.92-1.75 (m, 4H), 1.60-1.50 (m, 3H), 1.47-1.36 (m, 
4H), 0.91 (t, J = 7.4 Hz, 6H) ppm; IR (KBr) 2941, 2871, 2790, 1594, 1462, 1326, 1297, 




To a solution of 2-17 (1.7126 g, 7.70 mmol) in dichloromethane (5 ml) was added oxalyl 
chloride (1.0 ml, 11.7 mmol) at 0 °C, and the mixture was stirred for 1 h. After removal of 
the solvent, tetrahydrofuran (20 ml) was added, and 2-11 (2.3 ml, 23 mmol) was added to 
the solution. After stirring for 1 h, the mixture was poured into H2O, and the white 
precipitate was collected by filtration. The crude amide was recrystallized from ethyl 
acetate–hexane to obtain 2-18g (1.2142 g, 4.20 mmol, 54%) as a white crystal. 
 
1H-NMR (500 MHz, CDCl3): δ 6.58 (s, 1H), 6.51 (s, 2H), 5.39 (br, 1H), 4.27-4.13 (m, 1H), 
3.97-3.91 (m, 2H), 2.27 (s, 6H), 2.21 (t, J = 7.3 Hz, 2H), 2.04-1.90 (m, 2H), 1.84-1.75 (m, 
4H), 1.70-1.54 (m, 4H), 1.44-1.25 (m, 2H) ppm 
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N-protected amine 2-9g-Boc 
To a suspension of lithium aluminum hydride (595.1 mg, 15.6 mmol) in tetrahydrofuran 
(5.0 ml) was added a solution of 2-19g (609.0 mg, 2.10 mmol) in tetrahydrofuran (5.0 ml) 
at 0 °C. After refluxing for 2 h, a saturated aqueous Na2SO4 solution was slowly added to 
the reaction mixture until the gas evolution ceased. After stirring overnight, precipitate was 
filtered off and washed with diethyl ether. The filtrate was washed with brine, dried over 
magnesium sulfate, and evaporated in vacuo to obtain a crude amine (487.6 mg, 1.77 mmol) 
as a colorless oil. The crude amine was dissolved in dichloromethane (2.0 ml), and 
di-tert-butyl dicarbonate (0.6 ml, 2.78 mmol) was added. After stirring for 1.5 h, the 
mixture was diluted with dichloromethane, washed with 25% ammonia solution, dried over 
magnesium sulfate, and evaporated in vacuo to give a yellow oil (672.3 mg). A part (575.0 
mg) of the crude product was purified by preparative GPC to give 2-9g-Boc (568.9 mg, 
1.51 mmol, 84%) as a colorless oil. 
 
1H-NMR (500 MHz, CDCl3) δ 6.57 (s, 1H), 6.52 (s, 2H), 4.40-4.00 (m, 1H), 3.92 (t, J = 
6.4 Hz, 2H), 3.15-3.00 (m, 2H), 2.28 (s, 6H), 1.86-1.74 (m, 4H), 1.72-1.64 (m, 2H), 
1.63-1.48 (m, 6H), 1.48-1.39 (m, 11H) ppm; IR (KBr) 2951, 1689, 1596, 1467, 1415, 1364, 
1324, 1296, 1168 cm-1; ESI-MS m/z Calcd for C23H37NNaO3: 398.2671 [M+Na]+, Found: 
398.2692 [M+Na]+. 
 
Ammonium salt 2-6g-H+ 
A solution of 2-9g-Boc (937.1 mg, 2.50 mmol) and p-toluenesulfonic acid monohydrate 
(1.0201 g, 5.36 mmol) in dichloromethane (3.0 ml) was stirred overnight. The reaction 
mixture was diluted with dichloromethane, washed twice with a saturated aqueous 
ammonium hexafluorophosphate solution, dried over magnesium sulfate, and evaporated in 
vacuo to obtain white solid. The residue was dissolved in methanol (2.5 ml), and the 
resulting solution was slowly poured into a saturated aqueous ammonium 
hexafluorophosphate solution (150 ml). The precipitate was collected by filtration, and dried 
in vacuo to obtain a white solid. The residue was purified by preparative GPC to give 
2-6g-H+ (593.1 mg, 1.41 mmol, 56%) as a white solid. 
 
1H-NMR (300 MHz, CDCl3): δ 6.58 (s, 1H), 6.50 (s, 2H), 6.18 (br, 2H), 3.90 (t, J = 6.1 Hz, 
2H), 3.65-3.48 (m, 1H), 3.20-3.00 (m, 2H), 2.26 (s, 6H), 2.20-2.02 (m, 2H), 1.94-1.44 (m, 
12H) ppm; IR (KBr) 2941, 2782, 1596, 1324, 1170, 831 cm-1; ESI-MS m/z Calcd for 
C18H30NO: 276.2322 [M-PF6]+, Found: 276.2318 [M-PF6]+. 
 




To a solution of 2-24 (0.600 ml, 4.78 mmol) in dichloromethane (5 ml) was added oxalyl 
chloride (0.600 ml, 7.00 mmol) at 0 °C, and the reaction mixture was stirred for 6 h. After 
removal of the solvent, tetrahydrofuran (3.0 ml) was added, and a solution of 2-23 (0.9127 
g, 4.40 mmol) and triethylamine (1.5 ml, 10.8 mmol) in tetrahydrofuran (3.0 ml) was added. 
After stirring for 1.5 h, the reaction mixture was poured into water (50 ml). Brine was added, 
and the reaction mixture was extracted with dichloromethane. The organic layer was dried 
over magnesium sulfate and evaporated in vacuo to give a white solid (1.4269 g). Lithium 
aluminum hydride (1.2523 g, 33.0 mmol) was suspended in tetrahydrofuran (15 ml), and a 
solution of the white solid (1.4269 g) in tetrahydrofuran (15 ml) was added at 0 °C. After 
refluxing for 2.5 h, a saturated aqueous sodium sulfate solution was slowly added to the 
reaction mixture until the gas evolution ceased. The precipitate was filtered off and washed 
with diethyl ether. The filtrate was washed with brine, dried over magnesium sulfate, and 
evaporated in vacuo to obtain a white solid (917.0 mg). The crude amine was dissolved in 
dichloromethane (5.0 ml), and di-tert-butyl dicarbonate (1.2 ml, 5.6 mmol) was added. 
After stirring for 21 h, the reaction mixture was diluted with dichloromethane, washed with 
hydrochloric acid (1 mol/l, , dried over magnesium sulfate, and evaporated in vacuo to give 
a colorless oil (1.6493 g). A part (1.3144 g) of the crude product was purified by preparative 
GPC to give 2-9h-Boc (401.9 mg, 2.28 mmol, 65%) as a colorless oil. 
 
1H-NMR (500 MHz, CDCl3): δ 6.58 (s, 1H), 6.52 (s, 2H), 3.92 (t, J = 6.4 Hz, 2H), 
3.22-3.10 (m, 4H). 2.28 (s, 6H), 1.84-1.1.66 (m, 5H), 1.66-1.47 (m, 8H), 1.47-1.38 (m, 
11H), 1.16-1.05 (m, 2H) ppm; IR 2945, 2866, 1694, 1596, 1468, 1416, 1364, 1324, 1296, 
1169, 1076 (KBr) cm-1; ESI-MS m/z Calcd for C25H41NNaO3: 426.2984 [M+Na]+, Found: 
426.3001 [M+Na]+. 
 
Ammonium salt 2-6h-H+ 
A solution of 2-9h-Boc (401.9 mg, 1.00 mmol) and p-toluenesulfonic acid monohydrate 
(652.0 mg, 3.43 mmol) in dichloromethane (3.0 ml) was stirred overnight. After removal of 
the solvent in vacuo, the saturated aqueous ammonium hexafluorophosphate solution (150 ml), 
and the mixture was extracted with dichloromethane. The organic layer was dried over 
magnesium sulfate and evaporated in vacuo to give a white solid (355.0 mg). The white 
solid was again dissolved in methanol (3.0 ml), and the solution was slowly poured into a 
saturated aqueous ammonium hexafluorophosphate solution (150 ml), and the mixture was 
extracted with dichloromethane. The organic layer was dried over magnesium sulfate and 
evaporated in vacuo to give a white solid (355.3 mg). A part (257.2 mg) of the crude product 
was purified by preparative GPC to give 2-6h-H+ (165.9 mg, 0.371 mmol, 72%) as a white 
solid.  
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1H-NMR (400 MHz, CDCl3): δ 6.95 (br, 2H), 6.58 (s, 1H), 6.50 (s, 2H), 3.91 (t, J = 6.2 Hz, 
2H), 3.15-2.95 (m, 4H). 2.27 (s, 6H), 1.91-1.70 (m, 9H), 1.70-1.42 (m, 6H), 1.19-1.06 (m, 
2H) ppm; IR (KBr) 2952, 2802, 1597, 1325, 1172, 1077, 832 cm-1; ESI-MS m/z Calcd for 





HRMS of Rotaxane 2-8 
Rotaxane  formula   Calcd   Found 
2-8d  C48H65NNaO10 ([M+Na]+) 838.4506  838.4462 
2-8e   C49H67NNaO10 ([M+Na]+)  852.4663  852.4650 
2-8g  C49H65NNaO10 ([M+Na]+) 850.4506  850.4465 
2-8h  C51H69NNaO10 ([M+Na]+) 878.4819  878.4845 
 
Evaluation of kinetic and thermodynamic parameters in the formation of 2-7-H+: 
General procedure. 
In a 1 ml volumetric flask, 0.0200 mmol of 2-6-H+ was dissolved in CD3CN–CDCl3 mixed 
solvent (1:3, v/v) to prepare 0.02 M solution.  In another 1 ml volumetric flask, 0.0200 
mmol of DB24C8 was dissolved in CD3CN–CDCl3 mixed solvent (1:3, v/v) to prepare 0.02 
M solution.  In an empty NMR tube, 0.300 ml of each solution was mixed to start the 
complexation.  1H–NMR spectra were measured periodically to monitor the formation of 
2-7-H+ from the integral of methylene protons attached to the ammonium group.  The rate 
of association (ka) was evaluated from the slope of the time–[2-7-H+] curve: When the 
conversion of 2-6-H+ is small enough (< 5%), the slope is close to ka·[2-7-H+]0·[DB24C8]0 
= ka·10-4 M2.  After the system reached equilibrium, association constant (Ka) was 
evaluated directly from the integral ratio of methylene protons assigned to 2-6-H+ and 
2-7-H+.  The rate of dissociation (kd) was evaluated from the equation kd = ka/Ka. 
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X-ray Crystallographic Analysis of 2-8c-Bz 
A single crystal of 2-8c-Bz was prepared by the recrystallization from toluene. 
 
Figure S1. Molecular packing of 2-8c-Bz in unit cell. Hydrogens were omitted for clearly. 
 
Table S1. Parameter list of the X-ray crystallographic analysis of 2-8c-Bz 
formula C50H67NO10 
formula weight 842.05 
crystal system triclinic 
space group P1 
a (Å) 16.027(4) 
b (Å)  17.547(5) 
c (Å) 19.252(5) 
α (deg) 72.398(19) 
β (deg) 73.125(18) 
γ (deg) 65.336(16) 
V (Å3) 4605(2) 
Z 4 
d (g/cm3) 1.215 
R1 0.1280 
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塩 3-2-H+の光異性化反応を利用して mover 3-1 の「方向づけ」を制御した 1)。Scheme 
3-1 に示すように、シクロペンチル基は trans のアゾベンゼンユニットよりも嵩高いの
で E-3-2-H+に対してクラウンエーテルは「左」側から入りやすくなっている。次いで






















ば、DB24C8 mover の高速アシル化による能動輸送が可能になる。そこで、mover の
移動を方向づけするために、嵩高い置換基 R2 として tert-ブチル基を利用することを
考えた 2)。 
Scheme 3-3 に示すように、tert-ブチル基を末端に持つ２級アンモニウム塩 3-4a-H+
と DB24C8 を混合しても、DB24C8 は嵩高い tert-ブチル基を乗り越えることができず、
ロタキサン 3-5a-H+を得ることができないことが知られている。すなわち、GH+in‡も
GAc in‡も非常に大きく、DB24C8 mover が tert-ブチル基を乗り越えてアンモニウム塩
上に入って行くことはできない（Figure 3-1）。しかし、橘らは、3-5a-H+をアシル化
して 3-6a-Ac として、軸と輪の間の相互作用を失わせると、DB24C8 がゆっくりと tert-
ブチル基を乗り越えて外側に抜けていくことを報告した 2)。相互作用がないので、




































3-4b-H+および 3-4c-H+と 1.5 当量の DB24C8 の混合物を、クロロホルム中で 50 当
量の BzCl 存在下 50 当量の Et3N を用いて高速にアシル化し、高速能動輸送を行った。
結果を Table 3-1 に示す。 
 
Table 3-1.  Active Transport of DB24C8 mover in 3-4-H+. a 
 
entry 3-4-H+ DMAP (equiv) yield of 3-6-Bz (%)
1 3-4b-H+ 1 0 
2 3-4c-H+ 0 48 
3 3-4c-H+ 1 68 
a A mixture of 3-4-H+ and 1.5 equiv of DB24C8 was stirred in CHCl3 at room temperature until 
the system became homogeneous before the addition of BzCl, DMAP, and Et3N at 0 °C.  The 
reaction was carried out for 40 min. 
 
まず 3-4b-H+を用いて 1 当量の DMAP の存在下で高速アシル化した。tert-butyl 基
から DB24C8 mover が抜けないようにすばやく処理したが 3-6b-Bz は全く得られなか
った（entry 1）。これは、能動輸送がおきたものの、3-6b-Bz が不安定で、DB24C8 mover
が抜けるのが速く、ロタキサン構造を捕捉できなかったという可能性がある。橘らは

























3-6c-Bz が収率 48%で得られた（entry 2）。そこで。DMAP を 1 当量用いて同様に反
応を行ったところ、3-6c-Bz の収率は 68%に向上した（entry 3）。能動輸送の効率は
第二章の結果から期待される値よりも低かった。これは、3-5-H+を高速にアシル化す
ると発生する反応熱によって系の温度が上昇し、DB24C8 mover が tert-ブチル基を超
えて抜けてしまうことが考えられる。3-4-H+→3-5-H+→3-6-H+の過程で、DB24C8 
mover は「左」から「右」に順に輸送されている。 




Figure 3-2.  Change in 1H-NMR spectra (CDCl3, 500 MHz) during the uni-directional 
transport of the DB24C8 mover: (a) DB24C8, (b) 3-4c-H+, (c) a mixture of 3-4c-H+ and 
DB24C8, and (d) 3-6c-Bz. 
 
3-5c-H+の 1H-NMR スペクトルでは e2 のピークはアンモニウム塩型のロタキサンに
特徴的なカップリングパターンを示し、また、クラウンエーテルの磁気異方性の効果










している。さらに、3-6c-Bz の 1H-NMR スペクトルでは、軸のすべてのプロトンがア
ミドの s-cis と s-trans のコンホメーションの遅い交換によって 37 : 63 の積分比で分裂
している。また、3-6c-Bz の e3 のシグナルは、DB24C8 のベンゼン環との CH/π 相互
作用のため、3-5c-H+の e2 のピークよりも少しだけ高磁場に現れている。 
3-6c-Bz の DMSO-d6溶液を 60 °Cに加熱し、3-6c-Bz から 3-7c-Bzへ DB24C8 mover
が抜けていく時の 1H–NMR スペクトルの変化の様子を Figure 3-3 に示す。 
 
 
Figure 3-3.  Change in 1H-NMR spectra (DMSO-d6, 500 MHz) during the dethreading of 
the DB24C8 mover: (a) 3-6c-Bz, (b) after 21 h heating, and (c) after 48 h heating. 
 
3-7c-Bz の h4 のピークはクラウンエーテルの酸素による磁気異方性の効果が失わ
れたため、h3 のピークよりも高磁場に現れている。3-7c-Bz の e4 のピークはベンゼン
環の遮蔽効果が失われたため、3-6c-Bz の e3 のピークよりも少しだけ低磁場に現れて
いる。3-7c-Bz の単離収率は 76%であったが、Figure 3-4 の 1H-NMR スペクトル上で
は、3-6c-Bz から 3-7c-Bz への転換が定量的に進行していることが明らかである。 
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重クロロホルム溶液中 60 °C で、3-6c-Bz の DB24C8 mover のが抜けていく速度を
1H-NMR スペクトルで求めた（Scheme 3-4）。 1H-NMR スペクトルの積分値から
3-6c-Bz の残存率を求め、その対数を時間に対してプロットした。結果を Figure 3-4
に示す。良好な直線性が見られ、3-6c-Bz のデスリップ過程は 1 次反応速度式に従う
ことが明らかになった。この直線の傾きから、デスリッピング過程の速度定数（kd）





ベンゾイル基は 3-6c-Bz の DB24C8 mover が抜けていくには嵩高すぎるため、
DB24C8 mover は「右」側の tert-ブチル基側からのみ抜けていく 2）。 したがって、
DB24C8 mover は 3-4c-H+ track 上を「左」側から「右」側へ一方向に輸送されている。 
 
 



















本章では、二級アンモニウム塩 track の末端置換基として tert-ブチル基とシクロペ
ンチル基を用いることで、DB24C8 mover のスリッピング方向を方向付けした。シク
ロペンチル基を乗り越えるスリッピングから始まる高速能動輸送と、tert-ブチル基を
出口とするデスリッピングを組み合わせて、track 上での mover の一方向移動を実現し
た。3-4c-H+から 3-6c-Bz までの DB24C8 mover の位置を 1H-NMR スペクトルでモニ
ターし、mover の一方向移動を観測した。 
4-tert-ブチルフェニル基をもつ 3-4c-H+ではロタキサン 3-6c-Bz を捕捉できたが、
単純な tert-ブチル基を持つ 3-4b-H+では 3-6b-Bz を捕捉できなかった。tert-ブチル基
を tert-ブチルフェニル基にするとデスリッピングの速度が遅くなることは知られてい
るが、これは 3-6 上の DB24C8 mover から見て、3-6c-Bz よりも 3-6b-Bz の方が「出
口」が近いためであると考えられる。また 3-6c-Bz のデスリッピングは、クロロホル




できない。アシル化剤に TFAA のような脱保護可能なアシル化剤を用いれば、Scheme 














3‐8	 (780.1 mg, 7.87 mmol)と 3-9 (1.4490 g, 8.83 mmol)の methanol (10 ml)溶液を 10
時間撹拌した。水素化ホウ素化ナトリウム(1.0036 g, 26.5 mmol)を 0 で加え 8 時間撹
拌した。dichloromethane を加え、Brine で洗浄し、硫酸マグネシウムで乾燥し、溶媒
を留去した。得られた無色オイル(1.6302 g, 6.59 mmol)の dichloromethane 溶液に
di-tert-butyl dicarbonate (8.0 ml, 36.7 mmol)を加え、室温で 15 時間撹拌した。
Hydrochloric acid (1 mol/l)で洗浄し、硫酸マグネシウムで乾燥し、溶媒を留去した。得
られた黄色オイル(9.2976 g)をシリカゲルカラムクロマトグラフィー(eluent : hexane : 
ethyl acetate = 4 : 1)で精製し、di-tert-butyl dicarbonate を含む 3‐10 を無色オイル(1.1439 
g)として得た。このうち 852.0 mg (75%)を分取 HPLC で精製し、3‐10 を無色オイル
(857.9 mg, 2.47 mmol, 42%)として得た。 
	
1H-NMR (500 MHz, CDCl3) 7.99 (d, J = 8.2 Hz, 2H), 7.28-7.24 (m, 2H), 4.53, 4.47 (two, 




3‐10 (597.0 mg, 1.72 mmol)の methanol (5 ml)と水(5 ml)の混合溶液に水酸化カリウム
(736.0 mg, 13.1 mmol)を加え、1.5時間撹拌した dichloromethaneを加え hydrochloric acid 
(1 mol/l)で洗浄し、硫酸マグネシウムで乾燥し、溶媒を減圧留去し、3‐11 を白色固体








































1H-NMR (500 MHz, CDCl3) 8.06 (d, J = 8.2 Hz, 2H), 7.36-7.30 (m, 2H), 4.55, 4.49 (two, 
br, 2H), 3.23, 3.12 (two, br, 2H), 2.17 (br, 1H), 1.74-1.34 (m, 15H), 1.28-1.12 (m, 2H).  
 
 
N-protected amine 3-7b-Boc 
A solution of 3-11 (402.3 mg, 1.26 mmol), 3-12 (520.4 mg, 5.90 mmol), 
4-(dimethylamino)pyridine (686.0 mg, 5.62 mmol), and 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (1.0293 g, 5.37 mmol) in 
chloroform (3 ml) was stirred for 14 h.  The reaction mixture was diluted with chloroform 
washed with a hydrochloric acid (1 mol/l), dried over magnesium sulfate, and evaporated in 
vacuo to give a colorless oil (750.8 mg).  A part (589.1 mg) of the crude product was 




3‐7b‐Boc (261.4 mg, 0.648 mmol)の dichloromethane (2 ml)溶液に toluenesulfonic acid 
monohydrate (460.4 mg, 2.42 mmol)を加え、11 時間撹拌した。溶媒を減圧留去し、
methanol (3 ml)に溶解し、飽和ヘキサフルオロリン酸アンモニウム水溶液に激しく撹




























N-Protected amine 3-7c-Boc 
A solution of 3-13 (402.3 mg, 1.26 mmol), 3-14 (427.4 mg, 1.26 mmol), and 
4-(dimethylamino)pyridine (42.6 mg, 0.349 mmol) in dichloromethane (3 ml) was stirred 
for 16 h.  The reaction mixture was diluted with ethyl acetate washed three times with a 
saturated aqueous solution of sodium hydrogen carbonate, dried over magnesium sulfate, 
and evaporated in vacuo.  The residue was chromatographed with silica gel (eluent: 
hexane/ethyl acetate, 20:1, v/v) to give 3-7c-Boc (536.7 mg, 0.994 mmol, 79%) as 
colorless oil. 
 
1H-NMR (400 MHz, CDCl3): δ8.00 (d, J = 8.6 Hz, 2H), 7.45 (d, J = 8.6 Hz, 2H), 7.39 (d, 
J = 8.2 Hz, 2H), 7.23 (m, 2H), 5.34 (s, 2H), 4.51-4.45 (m, 2H), 3.22-3.04 (m, 2H), 2.16 (br, 
1H), 1.71-1.40 (m, 13H), 1.55-1.40 (m, 11H), 1.34-1.14 (m, 13H) ppm. 
 
Ammonium salt 3-4c-H+ 
 A solution of 3-7c-Boc (536.7 mg, 0.994 mmol) and toluenesulfonic acid monohydrate 
(1.5555 g, 8.18 mmol) in dichloromethane (5 ml) was stirred for 36 h.  After the addition of 
5% aqueous solution of sodium hydroxide (20 ml), the reaction mixture was extracted twice 
with dichloromethane.  The organic layer was dried over magnesium sulfate, and 
evaporated in vacuo to give a colorless oil.  The residue was dissolved in methanol (3 ml), 
and slowly poured into a saturated aqueous solution of ammonium hexafluorophosphate 
(150 ml).  The reaction mixture was extracted with dichloromethane.  The organic layer was 
dried over magnesium sulfate, and evaporated in vacuo to give a white solid (431.4 mg).  A 
part (361.1 mg) of the crude product was purified by preparative GPC to give 3-4c-H+ 
(183.2 mg, 0.349 mmol, 42%) as a white solid. 
 
1H-NMR (300 MHz, CDCl3): δ8.01 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 
7.50-7.44 (m, 4H), 6.63 (br, 1 H), 5.37 (s, 2H), 4.34-4.31 (m, 2H), 2.94-2.88 (m, 2H), 
2.25-2.11 (m, 1H), 1.93-1.85 (m, 2H), 1.65-1.60 (m, 4H), 1.34 (s, 9H), 1.16-1.07 (m, 2H) 
ppm; IR (KBr) 2956, 2795, 1715, 1276, 1115, 1097, 842 cm-1; ESI-MS m/z Calcd for 
C25H34NO2: 380.2590 [M-PF6]+, Found: 380.2567 [M-PF6]+. 
 
Active Transport 
A suspension of 3-4c-H+ (21.0 mg, 0.0400 mmol) and DB24C8 (27.1 mg, 0.0604 mmol) 
in chloroform (0.4 ml) was stirred until the system became homogeneous.  Benzoyl chloride 
(250 l, 2.15 mmol), 4-dimethylamino pyridine (4.888 mg, 0.0400 mmol), and 
triethylamine (280 l, 2.01 mmol) were sequentially added at 0 ˚C to start the reaction.  
After stirring for 20 min, the reaction mixture was diluted with chloroform (2 ml), and 






ESI-MS m/z Calcd for C56H69NNaO11: 954.4768 [M+Na]+, Found: 954.4728 [M+Na]+.  
  
Deslippage of 3-5c-Bz 
A solution of 3-5c-Bz (6.4 mg, 0.00687 mmol) in DMSO-d6 in a sealed NMR sample tube 







1) M. Baroncini, S. Silvi, M. Venturi, A. Credi, Angew. Chem. Int. Ed. 2012, 51, 4223–
4226. 
































































Table 4-1.  Effect of the solvent, temperature and acylating agent on acylation of 4-8  
entry protecting agent (equiv) temp. (°C) yield of 4-9 (%) yield of 4-9PP 
1a Boc2O (1.7) r. t. 91 N. D.d 
2 TrocCl (1.0) 0 70 14 
3 CbzCl (1.3) 0 78 N. D.d 
4 AllocCl (1.1) 0 60c 17c 
5a TFAA (1.1) 0 43 33 
6b TFAA (1.2) -46 1c 30 
7 TeocOSu (1.0) r. t. 97 N. D. 












化されたためであると考えられる（ Scheme 4-3 ）。アシル化剤として benzyl 
chloroformate（CbzCl）を用いた時には、CbzClを1.3当量用いても収率78%で4-9Zが
得られた（entry 3）が、アシル化剤として、allyl chloroformate（AllocCl）やtrifluoroacetic 
anhydride（TFAA）を用いた時には、アシル化剤を1.1当量しか用いなくとも4-9の収
































































































P1 = Boc, 58%
P1 = Troc, 49%
P1 = TFA, 16%
P1 = Cbz, 28%
P1 = Alloc, 16%















Table 4-1.  Acylation of 4-1. 
entry time P1 RCOX (equiv) base (equiv) DMAP (equiv) efficiency of acylationa (%)
1 16 day Troc TeocOSu (10) Et3N (30) 1 76 
2 25 hb Troc TeocOSu (25) Et3N (30) 5 90c 
3 18 h Troc CbzCl (50) Et3N (50) 1 47 
4 60 min Troc CbzCl (50) iPr2NEt (50) 1 86 
5 60 min Troc CbzCl (50) iPr2NEt (50) DBU (1) 0 90 
6 60 min Troc Boc2O (50) Et3N (50) 1 >99 
7 60 min Alloc TFAA (50) Et3N (100) 1 >99 
8 60 min Troc TFAA (10) Et3N (100) 1 99 
9 60 min Boc TFAA (50) Et3N (100) 1 99d 
10 20 min Cbz TrocCl (50) Et3N (50) 1 >99 
11 60 min Alloc TrocCl (50) Et3N (50) 1 98 
12 60 min Alloc BzCl (50) Et3N (50) 1 98 
aDetermined by 1H-NMR spectra bReaction was carried out at 60°C. cisolated yield. dDeprotection of 25% 
of Boc group was concurrently occurred. 
 
4-20の収率は1H-NMR スペクトルから求めた。TeocOSuでアシル化したところ、ア













Table 4-2.  Deprotection of 4-20. 
entry P2 P1 condition efficiency of deprotection 
yield of 
4-21 (%)c 
1 Troc Cbz H2 (0.1 MPa), Pd–C (10 mol%), 14 h, MeOH 0
d trace 
2 Troc Cbz H2 (1.0 MPa), PdCl2, (40 mol%), 1 M HCl, 2 h, MeOH N. D.
 a ~30 
3 Boc Troc Zn–Cu (excess), 2 h, AcOH 99b ~60e 
4 TFA Troc Zn–Cu (excess), 11 h, AcOH 99c 85 
aNot determined.  cDetermined by 1H-NMR spectrum.  disolated yield. eDeprotection of Boc group was 


















で還流すると4-21F : 4-22F = 85 : 15の混合物となり、常温で長時間置くと4-21F : 
4-22F = 90 : 10の混合物に変化した。また、単離した4-21Fは室温でしばらく放置する







Table 4-3.  Active transport of 4-21Fa 
entry solvent yield of rotaxane (%) 







1 CD3CN 42 90 10 100 
2 CDCl3 78 85 15 96 
aReactions were carried out using 50 equiv of TrocCl, 50 equiv of Et3N, and 1 equiv of DMAP at 0 °C 
for 60 min. bDetermined by 1H-NMR spectrum. 
 
4-21F : 4-22F = 90 : 10の混合物を用いてCD3CN中で反応を行ったところ、DB24C8 
moverがTroc基の「右」に能動輸送された4-23Fとイソプロピリデン基の「左」側に残
ったままの4-24Fが90 : 10の混合物として収率42%で得られた。能動輸送は4-21Fから
おこるので能動輸送効率は100%である。次に4-21F : 4-22F = 89 : 11の混合物を用い
てCDCl3中で反応を行ったところ、収率は88%と大きく向上したが、4-23Fと4-24Fは











DB24C8 moverの輸送過程での 1H-NMRスペクトルの脂肪族領域の変化をFigure 4-2
に示す。 
 
 Figure 4-2.  Change in 1H-NMR spectra (CDCl3, 500 MHz) during the uni-directional 











































































































MeOH : H2O = 1 : 1
a : R1 = cyclohexyl


























Figure 4-3.  The progress of slippage using 2 equiv of DB24C8 in CDCl3 at 40 °C. 


















[4-26b-H+]0 = 120 mM















Figure 4-4.  The progress of slippage using 8 equiv of DB24C8 in CDCl3 at 40 °C. 

















































Figure 4-5.  The progress of slippage using 2 equiv of DB24C8 in CDCl3 at 40 °C. 
























[4-51-H+]0 = 100 mM















Table 4-4.  Association constants Ka and rate constants of association (ka) and dissociation 
(kd) of 4-27b-Tr-H+ and 2-7c-H+a. 
rotaxanene ka (M–1s–1) kd (s–1) Ka (M–1) 
2-7c-H+ 5.0 x 10–2 1.2 x 10–4 420 
4-27b-Tr-H+ 2.4 x 10–2 4.9 x 10–5 480 



























































Table 4-5.  Rapid acylation of 4-27b-Tr-H+a. 








Till the system became 
homogeneous 50 1.5 ~2 
2 CHCl3 3 h 50 1.5 ~1 
3 toluene 3 days 50 1.5 ~1 
4 CHCl3 5 h 200 1.5 5 
5 CHCl3 3 hb 200 3.0 ~2 
a A mixture of DB24C8 and 4-26b-Tr-H+ was stirred at room temperature before the addition of BzCl, 1 
equiv of DMAP, and 50 equiv of Et3N at 0 °C.  The reaction was carried out for 60 min. b Stirred at 60 °C 








































































































Rotaxane 4-1Tr: Typical method 
A suspension of 4-19 (604.6 mg, 1.45 mmol) and dibenzo-24-crown-8 (688.7 mg, 1.54 
mmol) in chloroform (1.0 ml) was stirred until the system become homogeneous.  After a 
solution of 4-11Tr (948.1 mg, 1.51 mmol) in chloroform (2.0 ml) was added, 
tributylphosphine (0.325 ml, 1.53 mmol) and dicyclohexylcarbodiimide (774.2 mg, 3.75 
mmol) was added under argon atmosphere, and the reaction mixture was stirred for 3 days. 
methanol (1.5 ml, 37.0 mmol) and acetic acid (1.5 ml, 26.2 mmol) were added.  After 
stirring for 11 h, brine was added, and the mixture was extracted with dichloromethane (5.0 
ml x 5).  The organic layer was washed with saturated aqueous ammonium 
hexafluorophosfate solution, dried over magnesium sulfate, and evaporated in vacuo to 
give a white solid (2.6795 g).  A part (2.6142 g) of the crude product was purified by 
preparative GPC to give a white solid (337.3 mg, 0.226 mmol, 16%).  The crude product 
was dissolved in chloroform, and the solution was poured into diethyl ether.  The 
precipitate (252.0 mg, 0.169 mmol, 12%) was chromatographed with silicagel (eluent: 
dichloromethane/ethyl acetate, 9:1, v/v) to give 4-1Tr (246.0 mg, 0.165 mmol, 11%) as a 
white solid. 
 
1H-NMR (600MHz, CDCl3):  7.57 (br, 2H), 7.34 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 8.8 Hz 
2H), 6.92-6.77 (m, 15H), 5.03 (s, 2H), 4.80–4.76 (m, 2H), 4.64–4.60 (m, 2H), 4.55–4.50 (m, 
2H),4.47- 4.44 (m, 2H), 4.30 (s, 4H), 4.14–4.09 (m, 8H), 3.91-3.88 (m, 2H), 3.81–3.73 (m, 
8H) 3.46 (s, 8H), 3.24 (s, 2H), 2.75-2.65 (m, 4H), 2.15 (s, 6H), 1.29 (s, 9H), 1.02-0.95 (m, 




To a solution of 4-2 (4.1580 g, 34.0 mmol) and 4-3 (20 ml, 23.2 mmol) in tetrahydrofuran 
(20 ml) was added potassium carbonate (6.4502 g, 46.7 mmol).  After refluxing for 22 h, 
potassium carbonate (2.8545 g, 20.7 mmol) was further added to the reaction mixture, and 
was refluxed for additional 5.5 h.  After removal of the solvent, the reaction mixture was 
dissolved in diethyl ether, washed with hydrochloric acid (1 mol/l, 100 ml) and brine, dried 
over magnesium sulfate, and evaporated in vacuo to give a yellow oil (6.8429 g), which was 
chromatographed using silica gel (eluent: dichloromethane) to give 4-4 (4.4683 g, 19.5 
mmol, 57%) as a white solid. 
 
1H-NMR (300 MHz, CDCl3):  9.90 (s, 1H), 7.86 (d, J = 8.8 Hz, 2H), 7.24 (d, J = 8.8 Hz, 






To a solution of 4-4 (4.4683 g, 19.5 mmol) and 4-5 (3.4984 g, 23.3 mmol) in 
tetrahydrofuran (15 ml) was added potassium carbonate (6.4502 g, 49.7 mmol), and the 
mixture was refluxed for 42 h.  After removal of the solvent, the reaction mixture was 
dissolved in ethyl acetate, washed with hydrochloric acid (1 mol/l, 100 ml) dried over 
magnesium sulfate, and evaporated in vacuo to give a yellow oil (8.8046 g).  The crude 
aldehyde was recrystallized from ethyl acetate-hexane to obtain 4-6 (3.5015 g, 11.7 mmol, 
60%) as a colorless crystal. 
 
1H-NMR (500 MHz, CDCl3):  9.90 (s, 1H), 7.85 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 8.7 Hz, 
2H), 7.06 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 4.41-4.34 (m, 4H), 1.30 (s, 9H) ppm. 
 
Alcohol 4-9: Typical method 
To a solution of 4-6 (1.3291 g, 4.46 mmol) in methanol (10 ml) was added 4-7 (588.0 mg, 
5.70 mmol).  After stirring for 2.5 h, sodium tetrahydridoborate (730.8 mg, 19.3 mmol) was 
added, and the reaction mixture was stirred for 30 min.  After removal of the solvent, the 
reaction mixture was dissolved in diethyl ether, washed with brine, dried over magnesium 
sulfate, and evaporated in vacuo to obtain a white solid.  The white solid was dissolved in 
tetrahydrofuran (5.0 ml), 2,2,2-trichloroethoxycarbonyl chloride (1.1024 g, 5.20 mmol) 
and triethylamine (1.0 ml, 7.2 mmol) were added at 0 °C.  After stirring for 30 min, brine 
was added, and the mixture was extracted with diethyl ether (10 ml x 5).  The organic layer 
was dried over magnesium sulfate, and evaporated in vacuo to give a yellow oil (2.3491 g), 
which was chromatographed using silica gel (eluent: hexane/ethyl acetate, 4:1, v/v) to give 
4-9Tr (1.3590 g, 2.42 mmol, 54%) as a white solid. 
 
1H-NMR (600 MHz, CDCl3):  7.31 (d, J = 8.5 Hz, 2H), 7.16 (d, J = 8.5 Hz, 2H), 6.92 (d, 
J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 4.81 (s, 2H), 4.56 (s, 2H), 4.31 (s, 4H), 3.96-3.91 
(m, 1H), 3.30-3.10 (m, 4H), 1.30 (s, 9H), 0.94 (s, 6H) ppm. 
 
Alcohol 4-9A: Typical procedure 
To a solution of 4-8 (1.4438 g, 5.22 mmol) in dichloromethane (3.0 ml) was added 
trimethylsilyl chloride (0.70 ml. 5.5 mmol) under argon atmosphere.  After stirring for 10.5 
h, allyloxycarbonyl chloride (0.550 ml, 5.20 mmol) and triethylamine (1.5 ml, 10.8 mmol) 
were added at -40 °C.  After stirring for 1.5 h, hydrochloric acid (1 mol/l, 20 ml) was added, 
and the mixture was extracted with dichloromethane (10 ml x 3).  The organic layer was 
dried over magnesium sulfate, and evaporated in vacuo to give a yellow oil (8.8345 g). The 
crude amide was dissolved in tetrahydrofuran (2.5 ml), and tetrabutylammonium fluoride 
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trihydrate (1.1019 g, 3.49 mmol) was added. After stirring for 1.5 h, the mixture was diluted 
with diethyl ether (50 ml), washed with brine, dried over magnesium sulfate, and 
evaporated in vacuo to give a yellow oil (1.5772 g), which was chromatographed using 
silica gel (eluent: hexane/ethyl acetate, 4:1, v/v) to give 4-9A (1.2557 g, 2.67 mmol, 68%) 
as a white solid. 
 
1H-NMR (600 MHz, CDCl3):  7.31 (d, 2H), 7.11-7.09 (m, 2H), 6.92 (m, 4H), 5.94-5.84 
(m, 1H), 5.28-5.17 (m, 2H), 4.66-4.60 (m, 2H), 4.48 (s, 2H), 4.31 (s, 4H), 2.04 (s, 6H), 1.30 
(s, 9H), 0.91 (s, 6H) ppm. 
 
Acid 4-11Tr: Typical method 
To a solution of 11 (1.3529 g, 5.82 mmol) in dichloromethane (4 ml) was added succinic 
anhydride (973.5 mg, 9.73 mmol) and 4-dimethylaminopyridine (296.4 mg, 2.43 mmol), 
and the mixture was stirred for 1 h in argon atmosphere.  The reaction mixture was diluted 
with diethyl ether, washed with hydrochloric acid (3 mol/l, 2 ml x 2), dried over magnesium 
sulfate, and evaporated in vacuo to give colorless oil (1.5388 g)), which was 
chromatographed using silica gel (eluent: hexane/ethyl acetate, 2:1, v/v) to give 4-11Tr 
(1.1811 g, 1.77 mmol, 74%) as a white solid. 
 
1H-NMR (600 MHz, CDCl3):  7.31 (d, J = 8.8 Hz, 2H), 7.21-7.10 (m, 2H), 6.95-6.83 (m, 
4H), 4.84-4.74 (m, 2H), 4.55 (s, 2H), 4.30 (s, 4H), 3.95-3.87 (m, 2H), 3.30-3.20 (m, 2H), 
2.70-2.62 (m, 4H), 1.30 (s, 9H), 1.00 (s, 6H) ppm. 
 
3,5-ジメチルベンゾイルクロリド 4-14 
300 ml ナスフラスコで 3,5-ジメチル安息香酸 4-13(20.4659 g, 13.63 mmol)に塩化チ
オニル（80 ml, 1.13 mol）を加え 42 時間還流した。過剰の塩化チオニルを留去し、ト
ルエンを加えて痕跡量の塩化チオニルを留去し、反応混合物を減圧蒸留により精製す
ることで、4-14（18.0179 g, 10.69 mmol, 78%)を無色オイルとして得た。 
 
b.p.85-86 °C (120 Pa). 




300 ml 三角フラスコで 28 % アンモニア水(9 ml, 130 mmol)を水 100 ml で薄め、ここ






留去することで 4-15 (3.3357 g, 22.4 mmol, 86 %)を白色固体として得た。 
 
1H-NMR (400 MHz, CDCl3):  7.41 (s, 2H), 7.15 (s, 1H), 6.07 (br, 2H), 2.35 (s, 6H) ppm. 
 
,5-ジメチルベンジルアミン 4-16 
100 ml ナスフラスコで窒素雰囲気化、水素化リチウムアルミニウム(2.0901 g, 55.08 
mmol)を tetrahydrofuran(20 ml)で懸濁し、これに 4-15 (1.9267 g, 12.91 mmol)の
tetrahydrofuran(30 mL)溶液を 0 °C で滴下し、2 時間還流した。0 °C まで冷やし飽和硫
酸ナトリウム水溶液をゆっくりと水素が発生しなくなるまで加え、そのまま 30 分撹拌
後、反応混合物をジエチルエーテルで洗った。有機層を分離後、水と飽和食塩水の順
に洗浄後、無水硫酸ナトリウムで乾燥し、溶媒を減圧下に留去することで 4-16 (1.3762 
g, 10.18 mmol, 79 %)を無色オイルとして得た。 
 
1H-NMR (500 MHz, CDCl3): 6.94 (s, 2H), 6.90 (s, 1H), 3.80 (s, 2H), 2.32 (s, 6H) ppm. 
 
イミン 4-18 
100 ml ナスフラスコで 4-16 (1.3762 mg, 10.18 mmol)のメタノール(20 mL)溶液に、
テレフタルアルデヒド酸メチル 4-17(1.6729 g, 10.19 mmol)を加え 17 時間攪拌した。
溶媒を減圧下に留去し、混合物をエタノールから再結晶を行うことで、4-18 (2.6794 g, 
9.523 mmol, 94 %)を白色固体として得た。 
 
1H-NMR (500 MHz, CDCl3):  8.42 (s, 1H) 8.08 (d, J = 10.0 Hz, 2H) 7.85 (d, J = 10.0 Hz, 
2H), 6.95 (s, 2H), 6.92 (s, 1H), 4.78 (s, 2H), 3.93 (s, 3H), 2.31 (s, 6H) ppm. 
 
アンモニウム塩 4-19  
100 ml ナスフラスコで窒素雰囲気化、水素化リチウムアルミニウム(497.5 g, 13.11 
mmol)を tetrahydrofuran(10 ml)で懸濁し、これに 4-18 (1.2848 g, 4.567 mmol)の




イル(1.0669 g, 4.178 mmol, 91 %)を得た。このうち (883.2 mg, 3.45 mmol)を撹拌しな
がら 1 M HCl 5 ml を加えた。生じた沈殿がすべて溶けるまで methanol を少しずつ加
え、飽和ヘキサフルオロリン酸アンモニウム水溶液を沈殿が出なくなるまで加えた。
沈殿をろ取し、真空乾燥し、粗 4-19 の白色固体(1.5944 g, 3.83 mmol)を得た。これを
ethanol と水の混合溶媒から再結晶し、4-19 (735.7 mg, 1.77 mmol, 51%)を得た。 
 
1H-NMR (500 MHz, CDCl3):  7.32 (s, 4H), 6.94 (s, 2H), 6.89 (s, 1H), 4.67 (s, 2H), 3.80 (s, 
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2H), 3.71 (s, 2H), 2.33 (s, 6H) ppm. 
 
4-20-Bz (first rightward movement of DB24C8 mover): Typical method 
To a solution of 4-1 (116.5 mg, 0.0780 mmol) and triphenylmethane (20.680 mg, 0.0864 
mmol) in chloroform-d were sequentially added 4-dimethylamino pyridine (9.495 mg, 
0.0777 mmol), benzoyl chloride (0.46 ml, 3.96 mmol), and triethylamine (0.55 ml, 3.96 
mmol) at 0 °C, and the reaction mixture was stirred for 60 min.  Hydrochloric acid (1 mol/l) 
was added, and the mixture was extracted with chloroform (5.0 ml x 5).  The organ layer 
was dried over magnesium sulfate, and evaporated in vacuo to give a yellow oil (532.0 mg).  
A part (473.5 mg) of the crude product was purified by preparative GPC to give 4-20-Bz as 
a colorless oil (64.7 mg, 0.0456 mmol, 65%). 
 
1H-NMR (600MHz, CDCl3):  7.65-7.50 (m, 2H), 7.51-7.40 (m, 2H), 7.40-7.27 (m, 4H), 
7.20-7.02 (m, 3H), 6.95-6.74 (m, 17H), 6.62-5.45 (m, 2H), 4.80-4.50 (m, 2H), 4.63-4.40 (m, 
4H), 4.35–4.21 (m, 6H), 4.17- 4.04 (m, 8H), 3.84-3.64 (m, 10H), 3.52–3.40 (m, 4H), 
3.34-3.10 (m, 6H), 3.00-2.86 (m, 2H), 2.73-2.62 (m, 2H), 2.34-2.26 (m, 6H), 1.31 (s, 9H), 
0.94-0.87 (m, 6H) ppm. 
 
4-20-Boc 
1H-NMR (300MHz, CDCl3)  7.60-7.42 (m, 2H), 7.35-7.27 (m, 2H), 7.22-7.10 (m, 2H), 
7.09-6.95 (m, 2H), 6.97-6.65 (m, 15H), 6.59-5.42 (m, 2H), 4.82-4.72 (m, 2H), 4.53-4.16 (m, 
10H), 4.15- 4.02 (m, 8H), 3.87-3.64 (m, 10H), 3.54–3.40 (m, 4H), 3.36-3.22 (m, 4H), 
3.20-3.12 (m, 2H), 3.04-2.90 (m, 2H), 2.84-2.62 (m, 2H), 2.28 (s, 6H), 1.55-1.44 (m, 9H), 
1.30 (s, 9H), 0.94-0.84 (m, 6H) ppm; ESI-MS m/z Calcd for C77H99Cl3N2NaO18: 1467.5856 
[M+Na]+, Found: 1467.5902 [M+Na]+. 
 
4-20-TFA 
1H-NMR (300MHz, CDCl3): 7.67-7.53 (m, 2H), 7.34-7.28 (m, 2H), 7.20-7.09 (m, 2H), 
7.01-6.65 (m, 17H), 5.65-5.48 (m, 2H), 4.83-4.72 (m, 2H), 4.52-4.38 (m, 6H), 4.35- 4.24 (m, 
4H), 4.14-4.05 (m, 8H), 3.85-3.65 (m, 10H), 3.51–3.37 (m, 4H), 3.31-3.12 (m, 6H), 
2.99-2.86 (m, 2H), 2.78-2.62 (m, 2H), 2.32-2.23 (m, 6H), 1.30 (s, 9H), 0.94-0.85 (m, 6H) 
ppm; ESI-MS m/z Calcd for C74H90Cl3F3NaN2O17: 1463.5155 [M+Na]+, Found: 1463.5160 
[M+Na]+. 
 
4-21 (second rightward movement of DB24C8 mover): Typical method 
To a solution of 4-20 in acetic acid (1.5 ml) was added Zn-Cu couple (338.4 mg, 98%, 
5.04 mmol).  After stirring for 11 h, precipitate was filtered off and washed with methanol. 




stirring for 11h, mixture was poured inethanol2O (100 ml).  The precipitation was filtered as 
a white solid ammonium hexafluorophosphate solution (150 ml). Precipitate was collected 
by filtration, and dried in vacuo to obtain a white solid (186.3 mg).  A part (97. 4 mg) of the 
crude product was purified by preparative GPC to give 4-21 (70,9 mg, 0.0502 mmol, 99%) 
as a white solid. 
 
ESI-MS m/z Calcd for C71H90F3N2O15: 1267.6293 [M–PF6]+, Found: 1267.6336 [M–PF6]+. 
 
4-23 (third rightward movement of DB24C8 mover): Typical method 
To a solution of 4-21 (15.4 mg, 0.0109 mmol) in chloroform-d were sequentially added 
trichloro chloride (120.4 mg, 0.568 mmol), 4-dimethylamino pyridine (1.367 mg, 0.0112 
mmol), and triethylamine (43.8 ml, 0.433 mmol) at 0 °C, and the reaction mixture was 
stirred for 60 min.  The mixture was diluted with chloroform, and purified by preparative 
GPC to give 4-23 (12.2 mg, 0.0846 mmol, 78%). 
 
ESI-MS m/z Calcd for C74H90Cl3F3N2NaO17: 1463.5155 [M+Na]+, Found: 1463.5172 
[M+Na]+. 
 
Deslippage of 4-23 
A solution of 4-23 (6.4 mg, 0.00687 mmol) in DMSO-d6 in a sealed NMR sample tube was 
heated at 60 ˚C. The progress of deslippage was monitored by 1H-NMR spectra. 
 
4-26a-Z-H+ 
To a solution of 4-31a-Z (243.0 mg, 0.286 mmol) in dichloromethane (1.0 ml) was added 
p-toluenesulfonic acid monohydrate (111.6 mg, 0.587 mmol), and the reaction mixture was 
stirred for 24 h.  The evaporation of solvent in vacuo gave a colorless oil.  The reaction 
mixture was diluted with dichloromethane, washed three times with a saturated aqueous 
ammonium hexafluorophosphate solution, dried over magnesium sulfate, and evaporated in 
vacuo to obtain white solid.  The crude product was recrystallized from chloroform-hexane 
to obtain 4-26-Z-H+ (156.0 mg, 0.177 mmol, 62%) as a white crystal.  
 
4-26b-Tr-H+ 
To a solution of 4-31b (1.2859 g, 1.47 mmol) in chloroform (3.0 ml) was added 
p-toluenesulfonic acid monohydrate (537.7 mg, 2.82 mmol), and the reaction mixture was 
stirred for 10 h.   The evaporation of solvent in vacuo gave a colorless oil.  After the 
addition of methanol (1.0 ml), the resulting solution was slowly poured into a saturated 
aqueous ammonium hexafluorophosphate solution (150 ml).  The white precipitate was 
collected by filtration, dissolved in dichloromethane (3.0 ml), dried over magnesium 
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sulfate, and evaporated in vacuo to give a white solid (1.2088 g).  A part (1.0863 g) of the 
crude product was purified by preparative GPC to give 4-26b-H+ (388.4 mg, 0.423 mmol, 
32%) as a white solid.  
 
1H-NMR (600 MHz, CDCl3):  8.11-8.08 (m, 2H), 7.69 (br, 2H), 7.59 (d, 8.3 Hz, 2H), 7.30 
(d, 8.8 Hz, 2H), 7.14-7.12 (m, 2H), 6.89-6.87 (m, 4H), 4.80-4.76 (m, 2H), 4.59-4.47 (m, 
2H), 4.32-4.29 (m, 6H), 4.13 (s, 2H), 3.34 (s, 2H), 2.86-2.84 (m, 2H), 2.25-2.18 (m, 1H), 
1.95-1.83 (m, 2H), 1.70-1.50 (m, 6H), 1.30 (s, 9H), 1.20-1.09 (m, 8H). 
 
Active Transport on 4-26b-H+: Typical method 
A suspension of 4-26b-H+ (54.0 mg, 0.0695 mmol) and dibenzo-24-crown-8 (36.7 mg, 
0.0818 mmol) in CHCl3 (0.6 ml) was stirred for 3 h to obtain clear solution.  Benzoyl 
chloride (410 μl, 3.53 mmol), 4-(dimethylamino)pyridine (8.503 mg, 0.0408 mmol), and 
triethylamine (490 μl, 3.53 mmol) were sequentially added at 0 ˚C, and the reaction mixture 
was stirred for 40 min.  The reaction mixture was diluted with chloroform, washed with 
hydrochloric acid (1 mol/l), dried over magnesium sulfate, and evaporated in vacuo to give 
a white solid (524.7 mg).  The residue was purified by preparative GPC to give 
4-33b-Tr-Bz (1.0 mg, 7.53 x 10-4 mmol, 1%). 
 
4-27a  
100 mlナスフラスコで4-30a (1.8408 g, 5.09 mmol)のmethanol (40 ml)とH2O (20 ml)
の混合溶液に水酸化カリウム  (4.0259 g, 75.0 mmol)を加え、３時間還流した。
diethyletherを加え、３M HClで３回洗浄し、硫酸マグネシウムで乾燥し、減圧下で溶
媒を留去し、4-27aの白色固体(1.7258 g, 4.97 mmol, 98%)を得た。 
 
1H-NMR (400 MHz, CDCl3):  8.06 (d, J = 8.2 Hz, 2H), 7.31 (m, 2H), 4.53-4.47 (m, 2H), 
3.12-3.01 (m, 2H), 1.70-0.92 (m, 20H) ppm. 
 
Acid 4-27b 
To a solution of 4-30b (2.0206 g, 5.82 mmol) in methanol/H2O (1:1, v/v, 20 ml) was 
added potassium hydroxide (2.1089 g, 37.6 mmol), and the mixture was refluxed for 30 min.  
After removal of the solvent, the reaction mixture was dissolved in diethyl ether, washed 
with hydrochloric acid (1 mol/l, 100 ml), dried over magnesium sulfate, and evaporated in 
vacuo to give 4-27b (1.7317 g, 5.19 mmol, 89%) as a white solid. 
 
1H-NMR (500 MHz, CDCl3):  8.07-8.04 (m, 2H), 7.35-7.27 (m, 2H), 4.55, 4.49 (two, br, 






100 mlナスフラスコで4-28a (2.3 ml, 17.68 mmol)のmethanol (10 ml)溶液に4-29 
(2.9079 g, 17.71 mmol)を加え、室温で一週間撹拌した。sodium tetrahydridoborate (943.7 
mg, 24.95 mmol)を少しずつ加え、一週間撹拌した。減圧下で溶媒を留去し、ethyl acetate
を加え、水で３回洗浄し、硫酸マグネシウムで乾燥し、減圧下で溶媒を留去した。得
られた無色オイルのdichloromethane (10 ml) 溶液にdi-t-butyl dicarbonate ( 5 ml, 4.75 g, 
21.76 mmol)を加え、室温で20時間撹拌した。これをシリカゲルカラムクロマトグラフ
ィー(hexane : ethyl acetate = 30 : 1)で精製し、4-30aの白色固体(5.7371 g, 15.87 mmol, 
90%)を得た。 
 
1H-NMR (500 MHz, CDCl3):  7.99 (d, J = 8.3 Hz, 2H), 7.28-7.25 (m, 2H), 4.50-4.44 (m, 
2H), 3.91 (s, 3H), 3.10-3.98 (m, 2H), 1.72-0.87 (m, 20H) ppm. 
 
4-30b 
To a solution of 4-28b (954.7 g, 9.63 mmol) in methanol (10 ml) was added 4-29 (2.4418 
g, 14.9 mmol).  After stirring for 1 h, sodium tetrahydridoborate (1.1625 g, 30.5 mmol) was 
added, and the reaction mixture was stirred for 3 h.  After removal of the solvent, the 
reaction mixture was diluted with diethyl ether, washed with brine, dried over magnesium 
sulfate, and evaporated in vacuo to obtain a colorless oil.  Di-tert-butyl dicarbonate (3.5 ml, 
16.2 mmol) was added to the crude amine.  After stirring for 3 h, ammonia solution (25 %, 
w/w) was added, and the reaction mixture was extract with dichloromethane (30 ml). The 
organic layer was dried over magnesium sulfate, and evaporated in vacuo to give a colorless 
oil (2.4814g).  The crude product was chromatographed with silicagel (eluent: hexane/ethyl 
acetate, 9:1, v/v) to give 4-30b (1.7499 g, 5.04 mmol, 47%) as a colorless oil. 
 
1H-NMR (500 MHz, CDCl3):  7.99 (d, J = 8.2 Hz, 2H), 7.28-7.24 (m, 2H), 4.53, 4.47 (two, 




100 mlナスフラスコで4-27a (1.2542 g, 3.61 mmol)と4-9Z (1.2530 g, 2.41 mmol)の
dichloromethane (6 ml) 溶 液 に 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (1.3895 g, 7.29 mmol)と4-dimethylaminopyridine (318.5 mg, 2.61 mmol)
を加え室温で29時間間撹拌した。塩化メチレンを加え、塩酸で洗浄し、水で２回洗浄
し、硫酸マグネシウムで乾燥し、減圧下で溶媒を留去し、無色オイル(2.3306 g, 2.74 





1H-NMR (400 MHz, CDCl3):  7.96 (m, 2H), 7.33-6.83 (m, 15H), 5.13 (m, 2H), 4.50-4.46 
(m, 4H), 4.29 (s, 4H), 4.10-4.07 (m, 2H), 3.31-3.00 (m, 4H), 1.68-0.88 (m, 35H) ppm. 




To a solution of 4-27b (902.5 mg, 2.71 mmol) and 4-9Tr (999.6 mg, 1.66 mmol) in 
dichloromethane (3.0 ml) were added 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (749.9 mg, 3.91 mmol) and 4-dimethylaminopyridine (339.4 mg, 2.78 mmol) 
under argon atmosphere, and the reaction mixture was stirred for 26 h.  Hydrochloric acid (1 
mol/l), was added, and the mixture was extracted with dichloromethane (10 ml x 5).  The 
organic layer was dried over magnesium sulfate, and evaporated in vacuo to give a yellow 
oil (1.6791 g),  which was chromatographed with silicagel (eluent: hexane/ethyl acetate, 
9:1, v/v) to give 4-31b (1.2860 g, 1.47 mmol, 54%) as a white solid. 
 
1H-NMR (600 MHz, CDCl3):  8.00-7.95 (m, 2H), 7.35-7.27 (m, 4H), 7.20-7.05 (m, 2H), 
6.90-6.80 (m, 4H), 4.82-4.75 (m, 2H), 4.59-4.47 (m, 4H), 4.29 (s, 4H), 4.12 (s, 2H), 3.35 (s, 




4-42 (1.1207 g, 1.51 mmol)の塩化メチレン(2 ml)溶液に水(0.1 ml)とp-toluenesulfonic 






g, 1.28 mmol)を得た。このうちの845.6 mgを分取HPLCで精製し、4-33-H+を白色固体
(466.9 mg, 0.593 mmol, 47%)として得た。 
 
4-36  
4-35 (50 ml, 250 mmol)にNaH 60% in mineral oil (15.2 g, 380 mmol)とtetrahydrofuran 
(150 ml)を0 ℃で加え30分撹拌してから、4-34 (35 ml, 33.95 g, 209 mmol)を加えて3時
間撹拌した。水を加え、酢酸エチルで3回抽出した。有機層は、無水硫酸マグネシウ
ムで乾燥し、溶媒を減圧留去した。得られた淡黄色オイル(62 g)をシリカゲルカラム
クロマトグラフィー(eluent : hexane : ethyl acetate = 2 : 1)で精製し、4-36を淡黄色オイ





1H-NMR (500 MHz, CDCl3):  7.67 (d, J = 16.0 Hz, 1H), 7.47 (d, J = 8.7 Hz, 2H), 7.40 (d, 
J = 8.7 Hz, 2H), 6.40 (d, J = 16.0 Hz, 2H), 4.26 (q, J = 6.9 Hz, 2H), 1.34 (t, J = 6.9 Hz, 3H), 
1.33 (s, 9H) ppm. 
 
4-37 
4-36 (5.6520 g, 24.3 mmol)のethyl acetate (100 mL)溶液に、10%パラジウム-炭素
(2.6314 g, 2.47 mmol-Pd)を加え、水素雰囲気下で2時間攪拌した。不溶部はセライトを
用いて濾別し、濾液は溶媒を減圧留去し4-37を無色オイル(4.7796 g, 20.4 mmol, 84%)
として得た。 
 
1H-NMR (300 MHz, CDCl3):  7.36 (d, J = 8.5 Hz, 1H), 7.19 (d, J = 8.5 Hz, 2H), 4.18 (q, 
J = 7.2 Hz, 2H), 2.98 (t, J = 7.4 Hz, 2H), 2.66 (t, J = 7.4 Hz, 2H), 1.36 (s, 9H), 1.28 (t, J = 
7.2 Hz, 3H) ppm。 
 
4-38 
4-37 (4.7796 g, 20.4 mmol)のEethanol (20 ml)とH2O (20 ml)の混合溶液に水酸化カリ
ウム (4.5401 g, 80.9 mmol)を加え、2時間還流した。3 M HClを0℃で加え、生成した沈
殿を濾取した。これを酢酸エチルに溶解し、水層を取り除き、有機層を飽和食塩水で
洗浄し、硫酸マグネシウムで乾燥し、減圧下で溶媒を留去し、4-38を白色固体(4.0114 
g, 19.4 mmol, 95%)として得た。 
 
1H-NMR (500 MHz, CDCl3):  7.32 (d, J = 8.3 Hz, 1H), 7.15 (d, J = 8.3 Hz, 2H), 2.94 (t, J 
= 8.3 Hz, 2H), 2.68 (t, J = 8.3 Hz, 2H), 1.31 (s, 9H) ppm. 
 
4-39 
4-38 (4.0114 g, 19.4 mmol)に塩化チオニル(30 ml, 421 mmol)を加え24時間還流した。
過剰の塩化チオニルを留去し、さらにトルエンを加えて痕跡量の塩化チオニルを留去
し、4-39 (19.0 mmol, 98%)とトルエン(12.16 mmol)を含む淡黄色オイル(5.4033 g)を得
た。 
 
1H-NMR (300 MHz, CDCl3):  7.33 (d, J = 8.3 Hz, 1H), 7.12 (d, J = 8.3 Hz, 2H), 3.20 (q, 
J = 7.7 Hz, 2H), 2.98 (t, J = 7.7 Hz, 2H), 1.31 (s, 9H) ppm 
 
4-40 
4-7 (1.7787 g, 17.2 mmol)にジエチルエーテル(30 ml)溶液にトリエチルアミン(10 ml, 





色固体(4.3004 g, 14.8 mmol, 87%)を酢酸エチルとヘキサンの混合溶媒から再結晶し、
4-40を白色結晶(3.3004 g, 11.3 mmol, 67%)として得た。 
 
1H-NMR (500 MHz, DMSO-d6)  7.78 (t, J = 6.4 Hz, 1H), 7.27 (d, J = 8.3 Hz, 1H), 7.12 (d, 
J = 8.3 Hz, 2H), 4.46 (t, J = 6.0 Hz, 1H), 2.93 (d, J = 6.0 Hz, 2H), 2.88 (d, J = 6.4 Hz, 2H), 
2.77 (t, J = 7.3 Hz, 2H), 2.41 (t, J = 7.3 Hz, 2H), 1.25 (s, 9H), 0.68 (t, J = 7.2 Hz, 6H) ppm 
 
4-41  
水素化リチウムアルミニウム(1.3747 g, 46.9 mmol)をtetrahydrofuran (20 ml)に懸濁し、




圧下に留去し淡黄色固体(0.7485 g, 2.71 mmol, 98 %)を得た。これを塩化メチレン(3 ml)
に溶解しCbzCl (0.5 ml, 3.55 mmol)とTriethylamine (278.6 mg, 2.75 mmol)を加え、二日
間撹拌した。塩化メチレンを加え、1 M  HClで洗浄し、硫酸マグネシウムで乾燥し、
減圧下で溶媒を留去した。得られた淡黄色オイル(976.5 mg, 2.37 mmol, 84％)をシリカ
ゲルカラムクロマトグラフィー(eluent : hexane : ethyl acetate = 9 : 1)で精製し、4-41
を無色オイル(727.4 g, 1.77 mmol, 63%)として得た。 
 
1H-NMR (500 MHz, DMSO-d6)  7.36–7.24 (m, 7H), 7.11–7.03 (m, 2H), 5.05 (s, 2H), 3.25 
(br, 2H), 3.09 – 3.06 (m, 4H), 2.45 (br, 2H), 1.77 (br, 2H), 1.24 (s, 9H), 0.76 (br, 6H) ppm 
 
4-42 
4-41 (1.6296 g, 3.96 mmol)と4-27 (1.1943 g, 3.44 mmol)のdichloromethane (3 ml)溶液
に1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (1.0039 g, 5.24 mmol)
と4-dimethylaminopyridine (536.6 mg, 4.39 mmol)を加え窒素雰囲気下で2日間撹拌した。
酢酸エチルを加え、1 M HClと飽和食塩水、炭酸水素ナトリウム水溶液で順に洗浄し、
硫酸マグネシウムで乾燥し、減圧下で溶媒を留去し無色オイル(1.9643 g, 2.65 mmol, 
67%)を得た。シリカゲルカラムクロマトグラフィー(eluent : toluene : ethyl acetate = 14 : 
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NMR spectrometer: JOEL JNM-ECP300, JOEL JNM-ECS400, JEOL JNMECA-400, JOEL 
JNM-ECP500, and JOEL JNM-ECZ600 
 
IR spectrometer:  JASCO FT/IR 4100. 
 
MS spectrometer: JEOL JMS-AX-505H mass spectrometer. 
 
Preparative GPC: JAI LC-908 equipped with two M egapack GEL 201F columns. 
 
X 線結晶構造解析 
測定: Rigaku Saturn724 diffractometer with Mo K radiation ( = 0.71073 Å) 
解析: Canbrige Crystalic Data Centre (CCDC) 
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